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ZnO based materials have recently attracted considerable attention due to 
their multifunctional properties and their potential applications in many fields. 
The resistive switching (RS) and polarization switching behaviors have been 
extensively studied. However, the underlying mechanisms remain unclear. In 
addition, the coexistence of resistive switching and polarization switching 
phenomena complicates the analysis and understanding of the multifunctional 
properties. Hence this study has been focused on nano- to micro-scales 
characterization and understanding of the correlations among the 
multifunctional properties in the ZnO-based materials. Three types of ZnO-
based materials were fabricated and investigated in this work. The undoped 
ZnO thin films and copper doped ZnO (ZnO:Cu) thin films were deposited by 
a pulse laser deposition (PLD) technique, and the undoped ZnO nanoplates 
were deposited by a hydrothermal method. 
The characterizations were mainly based on various advanced Scanning 
Probe Microscopy (SPM) techniques. The domain structures were 
characterized by Dual AC Resonance Tracking Piezoresponse Force 
Microscopy (DART-PFM) and Band Excitation Piezoresponse Fore 
Microscopy (BE-PFM) techniques. The polarization switching and 
priezoresponse hysteresis loops were studied by Piezoresponse Force 
Microscopy (PFM), Piezoresponse Force Spetroscopy (PFS) and Switching 
Spectroscopy Piezoresponse Force Microscopy (SS-PFM) techniques. The 
resistive switching behavior and the surface potential were investigated by 
 xii 
 
conductive Atomic Force Microscopy (c-AFM) and Kelvin Probe Force 
Microscopy (KPFM) techniques respectively.   
The main results are presented into four sections in this dissertation. The 
characterization and correlations between the resistive switching and 
polarization switching behaviors for undoped ZnO are provided in the first 
section. Persuasive mechanisms for resistive switching behavior are also 
proposed. In addition, the polarization switching behavior in ZnO:Cu thin 
films and the related effects are studied in more detail in the second section. 
The correlations between the resistive switching and polarization switching 
behaviors for ZnO:Cu thin films are further studied in the third section. 
Furthermore, to complete the study of ZnO-based system, the characteristics 
of the size effects on multifunctional properties of the ZnO nanoplates are 
studied in the fourth section. Finally, general conclusions and 
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tip scanning in air; (c) surface potential image after the same 
poling process as in Fig. 4.8(a) at another location (in air); (d) 
surface potential image after exposing sample to a flowing-Ar for 
two hours; (e) the surface potential image after initial poling by 10 
V, 0 V, and -10 V sample bias in three adjacent areas of 3×1 μm2 
within a 5×5 μm2 scanning area (with 0.8 Hz scan rate) in air; (f) 
surface potential of the same region after exposing sample to 
flowing-Ar for two hours. 
Fig. 4.9 Correlation between c-AFM, KPFM and PFM images on undoped 
ZnO films deposited under 𝑃𝑂2  = 1.2×10
−4 Torr: (a) topography; 
(b) c-AFM current image, the scanning sample bias is 0.5 V over a 
5×5 μm2 area after applying -10 V, 0 V, -10 V on the three 
adjacent areas of 3×1 μm2 (enclosed by red lines). The scan rate is 
1 Hz. Yellow region indicates higher current and blue region 
indicates zero current; (c) the corresponding surface potential 
image on the same area obtained by KPFM measurement; (d) 
phase and (e) amplitude images of the same area after the c-AFM 
measurement; in-plane PFM (f) phase and (g) amplitude images of 
the same area after the c-AFM measurement; and (h) the line 
profiles of the out-of plane PFM phase changes obtained from the 
line profile in Fig. 4.9(d). 
Fig. 4.10 Correlation between c-AFM, KPFM and PFM images on ZnO 
films (𝑃𝑂2  = 1.6×10
−2 Torr): (a) topography; (b) c-AFM current 
image, the scanning sample bias is 0.5 V over a 5×5 μm2 area after 
applying 10 V, 0 V, -10 V on an adjacent three areas of 3×1 μm2 
area (enclosed by red line). The scan rate is 1 Hz. Yellow region 
indicates higher current and blue region indicates zero current; (c) 
the corresponding surface potential by KPFM technique on the 
same area as that in Fig. 4.10(b); (d) phase and (e) amplitude 
images of the same area after the c-AFM measurement; in-plane 
PFM (f) phase and (g) amplitude image of the same area after c-
AFM measurement. 
Fig. 4.11 The schematic energy band diagrams and the Schottky barriers for 
Pt-tip/ZnO-film/Pt-bottom-electrode system: (a) in an ideal thermal 
equilibrium condition without the spontaneous polarization in ZnO 
film and external applied field; (b) modified band diagram with 
most upward spontaneous polarization in as-grown ZnO film and 
no external applied field; (c) when poling with negative  sample 
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bias (e.g., -10 V), the polarization is switched to downward 
direction towards the bottom electrode; and (d) when poling with 
positive sample bias (e.g., 10 V), the polarization remains the same 
as that in the as-grown film. In all of the figures, Wd indicates the 
width of the depletion region. 
Fig. 5.1 (a) topography, (b) phase, (c) amplitude, (d) resonant frequency 
and (e) Q-factor BE-PFM images of ZnO:Cu thin film (2 at.%, 
deposited 𝑃𝑂2 = 2×10
-4 Torr). All of the images have 256×256 data 
points within 1×1 µm2 scanning area. 
Fig. 5.2 BE-PFM images for ZnO:Cu (8 at.%, 12 at.%, deposited 𝑃𝑂2  = 
2×10−4 Torr). All of the images have 256×256 data points within 
1×1 µm2 scanning area. The 1st column and 2nd column images 
illustrate the piezoelectric response for ZnO:Cu film with 8 at.% 
copper concentration, and ZnO:Cu film with 12 at.% copper 
concentration respectively. (a) and (b) phase images; (c) and (d) 
amplitude images; (e) and (f) Q-factor images; and (g) and (h) 
resonant frequency images. 
Fig. 5.3 Histogram illustration of BE-PFM images for ZnO:Cu (2 at.%, 8 
at.%, 12 at.%, deposited 𝑃𝑂2 = 2×10
-4 Torr). (a) Phase distribution, 
(b) amplitude distribution, (c) resonant frequency distribution and 
(d) Q-factor distribution respectively. The y axis is the number of 
data points. VAC = 2 V and VDC varies from 15 V to 21 V with a 
step of 3 V. 
Fig. 5.4 (a) phase hysteresis loop and “butterfly-like” amplitude loop; (b) 
piezoelectric hysteresis loop, P(E) of ZnO:Cu film (2 at.%, 
deposited 𝑃𝑂2  = 2×10
-4 Torr) by using the equation PR(E) = 
A(E)*cos[ϕ(E)]. 
Fig. 5.5 (a) imprint image by calculating the values of (�𝑉𝑝� − |𝑉𝑛|)/2 from 
the SS-PFM hysteresis loops on a grid of 64×64 for ZnO:Cu film 
(2 at.%, deposited 𝑃𝑂2  = 2×10
-4 Torr), in which 𝑉𝑝 and 𝑉𝑛 are the 
positive and negative coercive biases separately; and (b) the 
histogram of Fig. 5.5(a). 
Fig. 5.6 (a)-(c) phase images and (e)-(g) amplitude images under the point 
biased tip corresponding with the poling processes (0 V→15 V→  
-15 V) on ZnO:Cu film (2 at.%, deposited 𝑃𝑂2 = 2×10
-4 Torr); (d) 
schematic drawing of the point poling processes and (h) line 
profiles of the phase images. 
Fig. 5.7 DART-PFM Q-factor images and resonant frequency images under 
the point biased tip corresponding with the poling processes (0 
V→15 V→-15 V) on ZnO:Cu film (2 at.%,  deposited 𝑃𝑂2  = 2× 
10-4 Torr). 
Fig. 5.8 (a)-(d) amplitude images; (e)-(h) phase images under the tip biased 
area corresponding with the poling processes (0 V→15 V→-15 
V→18 V) on ZnO:Cu film (2 at.%, deposited 𝑃𝑂2  = 2× 10
-4 Torr); 
(i) schematic drawing of the hypothesis that polar defects dominate 
the domain nucleation and induce the imprint and (j) the 
hypothesis that injected charges dominate the domain nucleation 
and induce the imprint. 
Fig. 5.9 (a) PR(E) hysteresis loops obtained at eight different locations and 
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the averaged PR hysteresis loop of these hysteresis loops obtained 
from ZnO:Cu film (2 at.%,  deposited 𝑃𝑂2  = 2×10
-4 Torr); (b) all of 
the averaged PR hysteresis loops from thin films with different 
copper concentration (0 at.%, 2 at.%, 8 at.%, 12 at.%, deposited 
𝑃𝑂2 = 2×10
-4 Torr); (c) and (d) positive coercive bias, Vp, negative 
coercive bias, Vn, imprint bias, Eim, coercive bias, Ec, positive 
remanent switchable piezoresponses 𝑅0+, negative remanent 
switchable piezoresponse.  𝑅0−  remanent switchable 
piezoresponses, 𝑅0, and effective work of switching, 𝐴𝑠, plotted as 
a function of copper concentration. The VAC is 2 V; the VDC is 22 
V for ZnO:Cu thin films with copper concentration of 2 at.%, 8 
at.%, 12 at.%; the VDC is 9 V for pure ZnO thin film. The error bar 
in Figs. 5.9(c) and 5.9(d) is approximately 10%. 
Fig. 5.10 The PFS measured (a) phase and (b) amplitude loops; (c) the 
calculated piezoresponse hysteresis loops in eight random 
locations for ZnO:Cu (2 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr), based 
on the equation of PR(E) = A(E)*cos[ϕ(E)], where A(E) is the 
amplitude at bias off state, ϕ(E) is the phase angle at bias off state. 
Fig. 5.11 (a) the averaged hysteresis loops, PR(E), obtained from ZnO:Cu (2 
at.%) film samples deposited at 𝑃𝑂2  = 2×10
-4 Torr and 1×10-6 Torr, 
respectively; (b) and (c) the phase and amplitude loops for air 
annealed ZnO:Cu film sample (2 at.%, deposited at 𝑃𝑂2 = 1×10
-6 
Torr), the VAC is 1 V and the VDC is 40 V; (d) The topography 
image after the PFS measurement with VDC=50 V, showing the 
breakdown of the sample; (e) and (f) the phase and amplitude 
loops for vacuum condition annealed ZnO:Cu film sample (2 at.%,  
deposited at 𝑃𝑂2 = 1×10
-6  Torr), the VAC is 1 V and the VDC is 10 
V; (g) the PL spectra of the as-grown ZnO:Cu film (2 at.%, 
deposited at 𝑃𝑂2 = 1×10
-6 Torr), and films (2 at.%, deposited at 𝑃𝑂2 
= 1×10-6 Torr) which were annealed in air under atmospheric 
pressure and in vacuum under 1×10-5 mbar at 650 °C for 2 hours, 
respectively. and (h) the hysteresis loops, PR(E) for ZnO:Cu film 
sample (2 at.%, deposited at 𝑃𝑂2 = 1×10
-6 Torr), obtained from the 
PFS measurement conducted in the ambient air and argon 
environments respectively. In these measurements, for the film 
with deposited at 𝑃𝑂2  = 2×10
-4 Torr, VAC is 2 V and VDC is 22 V. 
For the film with deposited at 𝑃𝑂2  = 1×10
-6 Torr, VAC is 1 V and 
VDC is 10 V. 
Fig. 6.1 Local I-V curves measurements on (a) Zn:Cu (2 at. %) and (b) 
ZnO:Cu (8 at. %) samples deposited under oxygen partial pressure 
of 𝑃𝑂2  = 1×10
−6 Torr. The insert shows the shift of the current 
values at “set” and “reset” processes of the I-V curve for ZnO:Cu 
(8 at. %) sample. 
Fig. 6.2 “Set” part of the I-V curves plotted in the format of (a) In(I/V)-
V1/2, (b) InI- V1/2 and (c) logI-logV; and (d) analyzing the slope of 
logI-logV curve, i.e. δlogI - δlogV for ZnO:Cu (8 at.%) sample. 
Fig. 6.3 “Reset” part of the I-V curve plotted in the format of (a) In(I/V)-
V1/2, (b) InI- V1/2 and (c) logI-logV; and (d) analyzing the slope of 
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logI-logV curve, i.e., δlogI - δlogV for ZnO:Cu (8 at. %) sample. 
Fig. 6.4 (a)-(f) current images under a voltage sweep (0 V→10 V→-10 
V→10 V) on 1×1 μm2 area of ZnO:Cu (2 at. %) sample (𝑃𝑂2 = 
1×10−6 Torr); and (g) average current as a function of applied 
voltage (I-V) curve. 
Fig. 6.5 (a)-(f) current images under a cyclic poling voltage (0 V → 10 V 
→ -10 V → 10 V) sweep on 1×1 μm2 area of ZnO:Cu (8 at. %) 
sample (𝑃𝑂2 = 1×10
−6 Torr); and (g) average current as a function 
of applied voltage (I-V) curve. 
Fig. 6.6 Current images scanned with 1 V sample bias on a 10×10 μm2 
after -10 V sample bias poled on the central 5×5 μm2 area (a) with 
and (b) without electroforming process for ZnO:Cu (2 at.%) 
sample; the V-PFM (c) amplitude and (d) phase images obtained 
after c-AFM measurement for ZnO:Cu (2 at.%) sample. 
Fig. 6.7 Current image scanned with 1 V sample bias on a 10×10 μm2 after 
-10 V sample bias poled on the central 5×5 μm2 area with 
electroforming process ZnO:Cu (8 at. %) sample. 
Fig. 6.8 Current images scanned by (a) 5 V, (b) 6 V and (c) 7 V DC bias on 
a 10×10 μm2 area after 3 times scanning by -10 V bias on the 
central of 5×5 μm2 area for ZnO:Cu (2 at.%) sample. The scan rate 
is 1 Hz. 
Fig. 6.9 Current images scanned by (a) 4 V, (b) 5 V and (c) 6 V DC bias on 
a 10×10 μm2 area after scanning with -10 V sample bias and 0.3 
Hz scan rate on the central of 5×5 μm2 area; the V-PFM (d) 
amplitude and (e) phase images obtained after c-AFM 
measurement on the ZnO:Cu (2 at.%) sample; (f) the histograms of 
the 5×5 μm2 areas in Fig. 6.6(d) and Fig. 6.9(e). 
Fig. 6.10 Current images scanned by (a) 4 V, (b) 5 V and (c) 6 V DC bias on 
a 10×10 μm2 area after scanning with -10 V sample bias and 0.3 
Hz scan rate on the central 5×5 μm2 area; the V-PFM (d) amplitude 
and (e) phase images obtained after c-AFM measurement on the 
ZnO:Cu (8 at.%) sample. 
Fig. 6.11 Correlations between the RS, polarization switching and surface 
potential in ZnO:Cu (2 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 
V/10 V (out-in) poling processes. A smaller DC sample bias of 1 V 
was applied to scan a 10×10 μm2 area after applying -10 V on the 
middle of 5×5 μm2 area (red square) and sequentially poling by 10 
V on a central 2.5×2.5 μm2 area (green square). The scan rate is 1 
Hz: (a) current image measured by c-AFM under sample bias; (b) 
the corresponding surface potential image measured by KPFM 
measurement under tip bias; (c) and (d) the corresponding vertical 
PFM phase and amplitude images under tip bias; and (e) and (f) the 
corresponding lateral PFM phase and amplitude images under tip 
bias. All of the images are obtained on the same location. 
Fig. 6.12 Correlations between the RS, polarization switching and surface 
potential in ZnO:Cu (8 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 
V/10 V (out-in) poling processes. A smaller DC sample bias of 1 V 
was applied to scan a 10×10 μm2 area after applying -10 V on the 
middle of 5×5 μm2 area (red square) and sequentially poling by 10 
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V on a central 2.5×2.5 μm2 area (green square). The scan rate is 1 
Hz: (a) current image measured by c-AFM under sample bias; (b) 
the corresponding surface potential image measured by KPFM 
measurement under tip bias; (c) and (d) the corresponding vertical 
PFM phase image under tip bias; and (e) and (f) the corresponding 
lateral PFM phase and amplitude images under tip bias. All of the 
images are obtained on the same location; (g) the histograms of the 
5×5 μm2 areas (subjected to -10 V) in the Fig. 6.11(c) and Fig. 
6.12(c), and schematic drawing of the polarization reversal by 10 
V/-10 V sample voltage. 
Fig. 6.13 Correlations between the RS, polarization switching and charge 
distribution in ZnO:Cu (2 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 
V/0 V/10 V (bottom-top) poling processes. A smaller DC sample 
bias of 1 V was applied to scan a 6×6 μm2 area after applying -10 
V/0 V/10 V on the three adjacent areas of 3×1 μm2 (enclosed by 
red lines). The scan rate is 1 Hz: (a) current image measured by c-
AFM under sample bias; (b) the corresponding surface potential 
image measured by KPFM measurement under tip bias; (c) the 
corresponding vertical PFM phase image by tip bias. All of the 
images are obtained from the same location. 
Fig. 6.14 Histograms of the phase image [Fig. 6.13(c)]: (a) the area (3×1 
μm2) poled by 10 V, and schematic drawing of the polarization 
reversal by 10 V sample voltage; (b) the area (3×1 μm2) poled by   
-10 V, and schematic drawing of the polarization reversal by -10 V 
sample voltage; and (c) the unbiased area, respectively. 
Fig. 6.15 Correlations between the RS, PS behaviors and charge distribution 
study in ZnO:Cu (8 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 V/0 
V/10 V (bottom-top) poling processes. A smaller DC sample bias 
of 1 V was applied to scan a 6×6 μm2 area after applying -10 V/0 
V/10 V on the three adjacent areas of 3×1 μm2 (enclosed by red 
lines). The scan rate is 1Hz: (a) current image measured by c-AFM 
under sample bias; (b) the corresponding surface potential image 
measured by KPFM measurement under tip bias; (c) V-PFM phase 
image by tip bias. All of the images are obtained from the same 
location. 
Fig. 6.16 Histograms of the phase image [Fig. 6.15(c)]  of (a) the area (3×1 
μm2) poled by 10 V; (b) the area (3×1 μm2) poled by -10 V and (c) 
the unbiased area, respectively. 
Fig. 6.17 The V-PFM (a) phase and (b) amplitude images obtained just after 
the “out-in” poling process, in which -10 V was used to scan the 
middle of 5×5 μm2 area (red square) and sequentially 10 V was 
used to scan the central 2.5×2.5 μm2 area (green square). The scan 
rate is 1 Hz. The V-PFM (c) amplitude and (d) phase images 
obtained 14 hours later after the “out-in” poling process on the  
ZnO:Cu (8 at.%) sample. 
Fig. 7.1 (a) and (b) topography images obtained by  SEM AFM, 
respectively; (c) the line profile of AFM topography image in 
Figure 1(b); and (d) topography images of central 0.5 × 0.5 μm2 in 
the nanoplate showing in Fig. 7.1(b). 
Fig. 7.2 XRD intensity as a function of the angle 2θ for ZnO nanoplates. 
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Fig. 7.3 PL spectra of the as-grown ZnO nanoplates, the nanoplates 
annealed at 500 °C in air for 1 hour and the nanoplates annealed at 
500 °C in vacuum conditions (1 x 10-5 mbar) for 1 hour. 
Fig. 7.4 (a) local current-voltage (I-V) curves with various loading forces 
between 40 nN to 200 nN, i.e., the c-AFM set-point of 0.4 V to 2 
V; (b) and (c) current images scanned with set-point of 0.2 V and 
0.8 V respectively; (d) current image is overlaid on topography 
image; (e) current image scanned with 10 V sample bias; and (f) 
current image scanned with -10 V sample bias, the insert figure is 
the zoom-in current image. The current image size is 1.5×1.5 μm2. 
Fig. 7.5 (a) schematically diagram of the vertically branched conductive 
filaments in the nanoplates; (b) the I-V curves for individual 
nanoplates with the length × diameter (L×D) of 40 nm × 1.5 µm, 
80 nm × 0.8 µm, 80 nm × 1 µm, 80 nm × 1.5 µm and 650 nm × 2.5 
µm, respectively. The aspect ratio (AR) ranges from 0.027 to 0.26 
for those nanoplates; (c) the co-existing of the unipolar and bipolar 
resistive switching in the nanoplate with a diameter of 2.5 µm and 
a length of 650 nm; and (d) The I-V curves for the ZnO thin film 
with the thickness of 40 nm. 
Fig. 7.6 (a) the topography image, (b) and (c) V-PFM/L-PFM amplitude 
images, (d) and (e) V-PFM/L-PFM phase images of the ZnO 
nanoplate of 1 μm diameter and 40 nm height, respectively; (f) the 
line profiles of the phase images in Figs.7.6 (d) and 7.6(e); and (g) 
The histogram of the phase images in Figs. 7.6(d) and 7.6(e). 
Fig. 7.7 The V-PFM (a) phase and (b) amplitude images after poling 
processes with applying 10 V on the area marked by red and -10 V 
on the area marked by green, respectively; (c) the resonant 
frequency image after the poling processes with 10 V and -10 V tip 
biases; (d) and (e) the corresponding lateral PFM phase and 
amplitude images; and (f) the line profile of the V-PFM phase 
image. The size for the phase and amplitude images is 0.5×0.5 
μm2. 
Fig. 7.8 (a) phase hysteresis loop, ϕ(E), and (b) the “butterfly-like” 
amplitude loop, A(E) obtained with a DC voltage of 8 V; and (c) 
the piezoresponse hysteresis loop, P(E), which is calculated and 
plotted using the equation PR(E) = A(E)*cos[ϕ(E)]. 
Fig. 7.9 PR hysteresis loops with varied DC voltage for the nanoplate with 
0.6 μm diameter and 40 nm height. 
Fig. 7.10 (a) and (b) phase hysteresis loops and butterfly-like amplitude 
loops obtained in the regions poled with -10 V and 10 V; (c) and 
(d) the PR(E) hysteresis loops obtained in both regions by the same 
PFS technique conducted in different environments. 
Fig. 7.11 (a) the PR(E) hysteresis loops obtained at six different locations  of 
the rod with diameter of 1 μm and length of 40 nm and the 
averaged PR(E) hysteresis loop of these hysteresis loops obtained 
from varied locations; (b) all of the averaged PR hysteresis loops 
from varied nanoplates and thin film. In the legend, D is the 
abbreviation of diameter, L is the abbreviation of length and AR is 
the abbreviation of aspect ratio; (c) and (d) imprint bias, Eim, 
coercive bias, Ec, remanent switchable responses, 𝑅0 , maximum 
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switchable responses,  𝑅𝑠 , and effective work of switching, 𝐴𝑠 , 
plotted as a function of aspect ratios of the nanoplates. The error 
bar in Figs. 7.11(c) and 7.11(d) is approximately 5%. 
Fig. 7.12 (a) and (b) the current images scanned with ±1 V; (c) the I-V 
curves with sample bias of ±5 V; (d) the phase loops and (e) 
amplitude loops for air-annealed nanoplates; and (f) the phase 
loops and (g) amplitude loops for vacuum-annealed nanoplates 
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CHAPTER 1 Introduction 
 
This chapter provides a short overview of the multifunctional 
properties and applications of ZnO based materials. In addition, the current 
research work on the characteristics and the possible mechanisms of resistive 
switching and polarization switching behaviors are presented. A brief review 
on scanning probe microscopy (SPM) techniques and their applications are 
also presented. The limitations in current research work on these materials are 
also briefly discussed. Finally, the motivations and the significances of this 
research work are highlighted, and the outline of this thesis is shown at the end 
of the chapter. 
 
1.1 Overview of Multifunctional Properties in ZnO Based Materials 
Nonvolatile resistance random access memories (RRAMs), nonvolatile 
ferroelectric random access memories (FeRAMs) and nonvolatile 
ferromagnetic random access memories (FmRAMs) have enormous potentials 
in the applications for next generation nonvolatile memory [1-7]. As the II-VI 
compounds usually have similar structures with silicon, among which ZnO has 
advantages of easier fabrication [8]. ZnO based materials have been 
extensively studied in recent years, especially due to their multifunctional 
properties. The enhancement of piezoelectricity as an intrinsic property in 
ZnO has been studied for a long time by doping engineering for the 
application in sensor and generator [9, 10]. Recently, polarization switching 
behavior has been studied for ZnO-based materials with Li, Mg, or V doping 
[11-16], which makes them as promising candidates for FeRAMs applications. 
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In previous studies, polarization switching and ferromagnetic behaviors have 
also been observed in the ZnO based materials [17-20]. These multifunctional 
couplings provide the possibility to manipulate the electric/magnetic 
properties of ZnO via the external applied magnetic/electric field [Fig. 1.1(a)], 
which implies the possibility of using ZnO as memory device applications. 
The resistive switching (RS) behavior has also been reported in ZnO-based 
materials and their devices [21-25], which has attracted a great numbers of 
attentions since the RRAMs could overcome scaling problems and achieve a 
higher storage density [26]. It has also been reported that the undoped ZnO 
thin film showed coexistence of resistive switching and polarization switching 
behaviors [23, 27]. This may result from the couplings between the 
polarization behavior and semiconductor properties [Fig. 1.1(b)] [28]. 
 
Fig. 1.1 (a) Fiebig-Spaldin diagram showing the interrelationship of electric 
ﬁeld E, magnetic ﬁeld H, and stress σ controlling the electric polarization P, 
magnetization M, and strain ε, in multiferroics and magnetoelectric materials; 
(b) schematic illustrating different types of coupling present in materials, in 
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1.2 Overview of Scanning Probe Microscopy (SPM) Techniques and 
Their Applications  
In this section, the scanning probe microscopy (SPM) techniques and 
their applications are reviewed briefly. The details of the principles of relevant 
SPM techniques will be reviewed in Chapter 2. SPM technique is the most 
common non-destructive technique to observe structure and diverse properties 
of various materials at the atomic, nano to micro-scales. Several SPM 
techniques have been developed since 1981 [31]. In the last two decades, SPM 
techniques have been used extensively to characterize the multifunctional 
properties in thin films and nanostructures [26, 32, 33]. They are widely used 
in many research areas, including condensed matter physics, chemistry, 
material science, medicine and biology because of their high-resolution in 
imaging and local property measurements on atomic, nano- to micro- scales 
[32]. For example, the Conductive Atomic Force Microscopy (c-AFM) 
technique has been used to characterize the morphological and electrical 
properties [23, 34]. On the other hand, the Piezoresponse Force Microscopy 
(PFM) technique is usually used to study the domain characteristics and 
polarization switching behavior [33, 35]. The Kelvin Probe Force Microscopy 
(KPFM) technique can be used to measure the surface potential, i.e., the 
differences in work function of the tip material and the specimens, as well as 
can quantitatively analyze the dynamic changes of the relative amounts of 
polarization charges, injection charges and screen charges [36, 37]. In addition, 
two more PFM based techniques: i.e., Piezoresponse Force Spectroscopy (PFS) 
and Switching-spectroscopy PFM (SS-PFM) techniques are used to measure 
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the piezoresponse hysteresis loops at certain special locations or over a grid of 
points in a specified area of the materials [38]. 
 
1.3 Research Objectives, Scope and Significances 
As mentioned earlier, the resistance switching (RS) behavior 
cooperates with the electrical polarization switching (PS) behavior under an 
applied electrical field was observed in ZnO-based thin films [23]. However, 
this study was not from the same location, therefore, it was a correlation 
among the generally global properties. In addition, the possible mechanisms of 
the RS and PS behavior, as well as the correlations between them in ZnO 
based materials are unclear. Hence, characterizing and exploring the couplings 
of the multi-properties of ZnO based materials are therefore of significance. 
There are a number of challenges in the interpretation of the RS and PS 
mechanisms in ZnO based materials, as those properties are affected by many 
factors, also ZnO based materials are not generally considered as ferroelectric 
materials. In the case of undoped ZnO film, which is highly conductive 
material, the screening effects of free charge carrier can suppress the 
polarization reversal and therefore polarization switching cannot be assessed 
experimentally without high enough external field [39]. In addition, it is also 
reported that the reversal of the ferroelectric polarization in the ferroelectric 
materials may change the conduction band proﬁle in the contact of the 
tip/specimen and result in resistive switching [40, 41]. It is therefore necessary 
to study the mechanisms of resistive switching behavior in ZnO based 
materials firstly. The inevitable intrinsic defects, such as oxygen vacancies, VO, 
may tune the band structure. Hence, undoped ZnO thin films were first studied 
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by changing the deposited oxygen partial pressure (PO2). On the other hand, it 
is known that the resistivity increases with properly doping elements. The 
polarization switching behavior in ZnO-based materials can be also enhanced 
by doping with certain elements due to the cation radius difference. 
Furthermore, the polarization switching, charge storage and resistive switching 
behaviors in Cu doped ZnO thin films were studied in detail [17, 42, 43]. The 
results suggest that ZnO:Cu thin films can be a good system for 
comprehensive understanding of the local polarization switching and resistive 
switching as well as related charge dynamics. To obtain insulator-like sample, 
ZnO is doped with different concentration of copper. In addition, the 
properties of Zinc oxide (ZnO) nanostructures, such as the resistive switching 
and polarization switching property can be enhanced with scaling down of 
their dimensions [44]. These structures have great potential for the 
applications in nano-optoelectric, nano-sensor, nano-generator, nano-storage 
and nano-memory device [8, 11, 45-48]. The existence of enhanced resistive 
switching and polarization switching property in ZnO based nanoplate has 
been reported at room temperature and some hypotheses attibuting to these 
properties have been proposed [16, 49, 50]. However, there are no 
experimental studies on the size effects and depolarization ﬁeld on 
polarization switching behavior in ZnO nanoplate. Also, there is no study to 
correlate the resistive switching behavior with polarization switching behavior 
in ZnO nanoplate. In addition, the size dependent piezoelectric properties of 
ZnO nanostructures were investigated with inappropriate methods [51]. 
Therefore, in this study, the effects of the size of the ZnO nanoplate grown by 
hydrothermal on resistive switching, piezoelectric and polarization switching 
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properties are studied. The resistive switching behavior is also correlated with 
the polarization switching behavior.   
To understand the atomistic mechanisms of RS and PS behaviors in the 
ZnO-based materials, a study at a single defect level is required. Scanning 
probe microscopy (SPM) techniques have become the primary tool for 
addressing structure, electrical and electromechanical properties on the 
nanometer and atomic scales in the last three decades [32]. These techniques 
have also been used extensively to study RS and PS behaviors [23, 33-35]. It 
is also noticed that, most of RS and PS behaviors are integrated with the 
distribution and migration of charges, so that they can also be studied by SPM 
techniques [36, 37]. Therefore, in this Ph.D study, various SPM techniques are 
used to conduct a detailed study of the underlying RS mechanisms and to 
interpret the correlations among the RS, PS and the surface potential in the 
ZnO-based thin films. The aim of this study is to understand the fundamental 
physics behind the RS and PS behaviors in ZnO-based materials. Firstly, the 
topography and current mapping, as well as resistive switching behavior are 
investigated using c-AFM technique. Then, the polarization switching 
behavior in ZnO-based materials is investigated by PFM, PFS and SS-PFM 
techniques. These studies can determine the domain structure, nanoscale 
polarization switching, as well as the variation of the built-in field. Besides the 
RS and PS behaviors, the surface potential is also studied to assist the 
understanding of the RS and PS behaviors by using KPFM technique. 
It is expected that the findings of this study can provide the 
understanding of the RS and PS behaviors in these materials. Hence the 
fundamental theories are very useful for understanding the applications of 
                                                                                                              Chapter 1 
8 
 
ZnO-based materials as various devices. The studies of the effects of the 
intrinsic/external defects may further provide useful implications concerning 
the application of defects engineering, and give useful guidelines for 
improving the performance of the devices by optimizing the material 
deposition parameters. In addition, the results on the interplay between the RS 
and PS behaviors will also open pathways to the decision of novel oxide 
electronic devices, such as memory devices at nanosale.  
 
1.4 Thesis Outline 
This thesis consists of 8 chapters. Chapter 1 gives a brief overview, 
research objectives and scope of the study. Chapter 2 provides the literature 
reviews of piezoelectricity, ferroelectricity and resistive switching behavior, 
and furthermore the literature reviews on ZnO based materials are also 
involved. The working principles of the various SPM techniques to be used in 
this study are also reviewed. Chapter 3 presents the investigated materials and 
the details of experimental setup as well as the sample preparation procedures. 
The major results are included in Chapters 4 to 7. Chapter 4 reports the 
correlations between the resistive switching and polarization switching 
behaviors, and proposes a more persuasive mechanism of resistive switching 
in undoped ZnO films. Chapter 5 presents the detail of the polarization 
switching behavior and piezoresponse hysteresis loop in Cu doped ZnO thin 
films. Chapter 6 describes the underlying RS mechanisms and interprets the 
correlations between the RS and PS behavior, as well as the surface potential 
in the Cu doped ZnO thin films. Chapter 7 focuses on the characteristics of the 
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multifunctional properties in ZnO nanoplates. Finally, Chapter 8 concludes the 
main findings and suggests future works. 
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CHAPTER 2 Literature Review 
 
This chapter summarizes the important and fundamental literatures for 
this thesis. Two most relevant aspects are presented, including multi-
functional properties of ZnO based materials, and scanning probe microscopy 
techniques. The key terms used throughout the thesis are summarized in 
Appendix A.                                                                                                                                                                                                                                       
 
2.1 Piezoelectricity and Ferroelectricity 
Piezoelectricity is a phenomenon of coupling mechanical and electrical 
responses of materials [52]. When a mechanical stress is applied to a 
piezoelectric material, a voltage is generated, which can be expressed as P = d ∗ σ, where d is the piezoelectric constant, P and σ are the polarization 
and the stress respectively. Conversely, when a voltage is applied to such a 
material, the shape and the dimension of the body will be changed, which can 
be expressed in the form of  ε = d ∗ E, where d is the same piezoelectric 
coefficient, ε is the strain and E is the electric field. Therefore, these materials 
have the ability to convert mechanical energy into electrical energy, and vice 
versa. In some of the piezoelectric materials, spontaneous polarization (PS) 
occurs along certain crystalline directions, wherein the local positive charge 
center of the unit cell deviates from the negative charge center, as shown in 
Fig. 2.1, resulting in the internal electric dipole even without external applied 
field. The direction of the spontaneous polarization is called the polar axis. 




Fig. 2.1 Schematic plot of spontaneous polarization. 
 
If the direction of the spontaneous polarization in a crystal can be 
reversed by application of an electric field, the crystal is called a ferroelectric 
crystal [53]. The spontaneous polarization uniformly aligning in a certain 
direction is called a ferroelectric domain. Ferroelectric domain walls are those 
regions that separate the different orientations of the spontaneous polarization 
vector.  The domain wall can minimize the electrostatic energy of depolarizing 
fields and the elastic energy [54]. Furthermore, since the direction of 
polarization among neighboring domains is random, the material may not 
show overall polarization. Under an applied electric field or external stress, a 
ferroelectric domain can switch its polar axis from the original orientation to 
align as close as possible to the applied field. In addition, the normal converse 
piezoelectric can lead to strain alteration [55]. This process of polarization 
switching and strain alteration by applying bias is called poling process. This 
poling process can be expressed by polarization hysteresis loop and a 
butterfly-like strain loop [Figs. 2.2(a) and 2.2(b)]. Fig. 2.2(a) shows the 
hysteresis loop for polarization as function of the external electric field. Point 
A is the initial polarization. As the electric field is increased, the polarization 
reaches to point D, the saturated polarization, PS. Then back-switching occurs, 
the polarization reaches to point E, remnant polarization, Pr. As the bias 
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changes to negative at some point, the reversed polarization occurs, this bias is 
called nucleation voltage. The field necessary to bring the polarization to zero 
is called the coercive field, EC. Then, it is similar to the positive side. An ideal 
hysteresis loop is symmetrical. For the butterfly-like strain loop, it is 
illustrated in Fig. 2.2(b). The strain initially changes linear with the electric 
field from point A to D. But at point D, the strain suddenly changes to point E 
and changes its direction since the reversed polarization occurs. Similarly, the 
forward strain-electric field is observed. In an ideal case, the polarization-
electric field loop is symmetric, as shown in Fig. 2.2(c) for the PZT thin film. 
However, in real case, the polarization hysteresis loop and the butterfly-like 
strain loop may not be symmetry because of the effects of many factors [56-
61]. 
 
Fig. 2.2 Schematic plots of (a) a hysteresis loop of electric polarization versus 
electric field strength and (b) a butterfly-like loop of mechanical strain and 
electric field strength (c) hysteresis loop for polarization vs. electric field in 
PZT thin film [55]. 
 
2.2 Resistive Switching Behavior 
Resistance switching phenomena have been noticed since 1960s [62, 
63], but these phenomena are only been extensive studies for practical 
applications from the late of 1990s [64]. Subsequently, this has led to the 
emergence of the non-volatile RRAMs which can achieve a higher speed and 
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data density; lower the power consumption for data storage; as well as 
overcome scaling problems [26]. The resistive switching (RS) behavior is that 
the materials can be switched from low resistance state (LRS) to high 
resistance state (HRS), or vice versa by changing the electric field [65]. Before 
the resistive switching, for some materials, the initial soft breakdown process, 
also known as ‘electroforming’ is necessary by applying either a positive or 
negative voltage [26, 66-68]. During the switching process, the operation 
which changes the resistance of the material from HRS to LRS is defined as a 
‘set’ process while the opposite process, i.e. from LRS to HRS is called the 
‘reset’ process. After the electric field is removed, the particular resistance 
state (either HRS or LRS) of the material can be retained and this ability gives 
the indication of the non-volatile nature of the RS memory applications. 
Accompanying the RS behavior, the hysteresis current-voltage (I-V) curve 
loop can be observed. This I-V curve in the negative voltage biased side 
clearly shows the materials have a typical memristor character with current 
depending on the scanning route of the applied voltage (Fig. 2.3). On the basis 
of I-V characteristics, the switching behaviors can be classified into two types: 
unipolar (nonpolar) and bipolar respectively [Figs. 2.3(a) and 2.3(b)]. In the 
unipolar switching, the switching direction depends on the amplitude of the 
applied voltage [Fig. 2.3(a)]. The bipolar switching is dependent on the 
applied voltage direction [Fig. 2.3(b)] [23, 43, 69]. Although the above 
classification of resistive switching is simple and clear, it scarcely gives any 
implications of the switching mechanism. Different switching mechanisms are 
required to explain the different switching behaviors and the switching I-V 
curves are dependent of the materials as well as the measurement methods. 
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Generally-speaking, two major mechanisms of resistive switching have been 
proposed: i.e., filament and interface models [Figs. 2.3(c) and 2.3(d)] [2, 70]. 
In filament model, the formation and the rupture of conducting filaments in an 
insulating matrix result in the resistive switching [Fig. 2.3(c)]. After the path 
forms with the electroforming process, the rupture happens with the reset 
process in unipolar-type switching [71]. On the other hand, electrochemical 
migration of oxygen is considered as the main factor in bipolar-type switching 
[72]. In the interface-model, the resistive switching occurs at the interface 
between the metal electrode and the oxide [Fig. 2.3(d)]. Several models have 
been developed to explain this type of conducting path including the 
electrochemical migration of oxygen vacancies [73, 74], trapping of charge 
carriers [75], and a Mott transition induced by carriers doped at the interface 








Fig. 2.3 I-V curves for (a) unipolar (nonpolar) switching in a Pt/NiO/Pt cell 
and (b) bipolar switching in a Ti/La2CuO4/La1.65Sr0.35CuO4 cell. Proposed 
models for resistive switching can be classified according to either (c) a 
filamentary conducting path, or (d) an interface-type conducting path [2]. 
 
2.3 Multi-functionality of ZnO Based Materials 
 
2.3.1 ZnO Crystal Structure  
Zinc oxide usually has the hexagonal crystal structure (C6V4 or P63mc) 
with lattice parameters of a = 3.249 Å and c = 5.206 Å [10, 77]. The Zn atoms 
are tetrahedrally coordinated with four O atoms, or vice versa, where the d 
electrons of Zn hybridize with p electrons of O [Fig. 2.4(a)]. The structure 
consists of two interpenetrating hexagonal close packed (HCP) sublattices, one 
for each type of atom, which are offset with respect to each other along the c-
axis, the quality is expressed as u = 1.992/5.206 = 0.382 [Fig. 2.4(a)], 
therefore the length of the Zn-O bond along the c-axis is defined in units of u. 
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Each oxygen atom is tetrahedral coordinated to four zinc atoms and vice versa, 
which is typical of sp3 covalent bonding (the d electrons of Zn hybridize with 
p electron of O), but each Zn-O bond also has a substantial ionic character. 
This creates a permanent electric dipole in each elementary tetrahedral unit, 
which results in a large macroscopic spontaneous polarization. The ZnO 
structure can be considered as a series of alternating planes of Zn and O atoms 
with the stacking sequence AaBbAa along the c-axis [Fig. 2.4(a)]. Hence the 
polar surface terminations are resulted from perpendicularly cleaving of the c-
axis of the crystal and which results in two different surface structures with 
three fold co-ordination: the Zn-polar (0001) surface which consists of an 
entire outer plane of Zn atoms and an O-polar ( )0001 surface with an outer 
plane of O atoms. The polar surface terminations are oppositely charged. 
These charged surfaces can produce a macroscopic depolarization field, i.e., 
an internal electrical field [78-80]. However, a real depolarization field is 
usually affected by the surface reconstruction, the surface adsorption from 
environment, or the formation of a space charge region adjacent to the surface 
[81-83]. In addition, two other planes in ZnO structure, m-plane ( )1100 and a-
plane ( )1120 surfaces are non-polar surface [Fig. 2.4(b)], and they are 
energetically more favorable, consisting of a mixed termination of an equal 
number of Zn and O atoms arranged in rows of Zn–O dimers. There is no 
dipole moment on those surfaces; hence they do not exhibit an electrostatic 
instability. 
 




Fig. 2.4 ZnO Wurtzite structure (a) 3-dimensional view and (b) the non-polar 
a-plane ( )1120 and m-plane ( )1100 faces of wurtzite ZnO. 
 
2.3.2 ZnO Electronic Band Structure  
With a wurtzite structure, Zinc oxide (ZnO) is naturally an n-type 
semiconductor [77]. A wide band gap (Eg=3.4 eV) and a large exciton binding 
energy (60 meV) make it as a most promising material for many applications, 
such as spintronics and microelectronics. When bringing it into contact with a 
large work-function metal electrode, a Schottky barrier with a depletion region, 
w, may be formed near the contact interface (Fig. 2.5) [10]. The depletion 
region is due to the different work functions of the semiconductor and the 
electrode [84]. When a metal electrode and a semiconductor surface with 
different work functions are electrically connected, their Fermi levels will be 
aligned. For n-type ZnO, its band structure will be bent up [83, 85]. The 
formation of an accompanied electric field is so-called built-in electric field, 
Ebi (Fig. 2.5). The built-in electric field associated with the depletion layer 
depends on the film thickness, t [86, 87]. The typical depletion width formed 
at the contact of metal and n-type ZnO/ ZnO:Cu is estimated by a simple 
Metal-Semiconductor junction model. The detailed calculation is shown in in 
Appendix G. The depletion width also depends on the dielectric constant of 
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film. Comprehensive studies of determine of dielectric constants in ZnO films 
have been conducted by using spectroscopic ellipsometry. The static dielectric 
constant in wurtzite ZnO is measured as 8.59~8.75 [88-90]. Only the 
magnitude of the externally applied field exceeds a threshold value, the free 
electrons or holes that screen the polar surfaces can be pulled away from the 
depletion region, leading to a transient change in the effective height of the 
local Schottky barrier. On the other hand, assuming the electric field for 
nucleation of domains with the opposite orientation at the electrode is Ecn, 
which is equal to the external field Eex plus the built-in ﬁeld Ebi. Hence the 
coercive field EC = Ecn – Ebi. This equation is used for thicker films, in which 
the films are not completely depleted; the coercive field is thus dependent of 
the film thickness [Fig. 2.5(a)]. For thin films (well below 1 µm), the thickness 
of the coercive field is equal to the built-in field, EC = Ebi and is independent 
of the film thickness [Fig. 2.5(b)] [91]. 
 
Fig. 2.5 (a) and (b) schematic Schottky barriers; (c) and (d) built-in electric 
ﬁeld for partially depleted, t > 2wd and fully depleted, t ≤2wd in ﬁlm in contact 
with metal electrodes, t is the film thickness; w is the depletion layer thickness. 
The y-axis in (a) and (b) is energy; The y-axis in (c) and (d) is electric field 
[84].  
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Generally speaking, both high-quality n- or p-type ZnO can be 
achieved by proper doping elements. N-type ZnO can be produced by 
replacing Zn ionic with group III elements, such as Al, Ga, and In etc. [77, 92-
95].  On the other hand, it has the potential of forming deep acceptors in ZnO 
by introducing impurities, such as Li, Na, K, Cu, and Ag [96, 97]. Furthermore, 
the conductivity of ZnO can be tuned by engineered doping, and the surface 
conductivity of ZnO also depends on the ambient atmosphere [83, 98, 99]. 
Schmidt et al. showed that bulk ZnO samples that were highly resistive in air 
could be reversibly transformed to a highly conducting state under vacuum 
[100]. They also proposed that this was due to an electron conducting surface 
channel which was passivated in air [83].  
 
2.3.3 Synthesis of ZnO Based Materials 
High quality ZnO based materials can be grown and deposited by 
utilizing various techniques such as magnetron sputtering, metal-organic 
chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), and 
pulsed laser deposition (PLD) [101]. To be relevant to this thesis study, only 
the details on the synthesis of pure ZnO and doped ZnO thin film samples 
using pulsed laser deposition (PLD) method and the synthesis of ZnO 
nanoplates using hydrothermal method are included in this section.  
The simple experimental setup of pulsed laser deposition (PLD) and its 
ability to grow high quality thin films make it be immensely applied in 
deposition ZnO thin films [8, 10, 101]. In the PLD method, high power laser 
pulses, usually Ultraviolet (UV) excimer lasers, such as KrF (λ=248 nm), are 
employed to evaporate material from a target. Hence, the stoichiometry of the 
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material can be preserved in an optimized deposition target. The properties of 
the grown ZnO ﬁlms depend on the experimental parameters, including laser 
energy density and frequency, substrate to target distance, substrate 
temperatures (typically ranging from 200 to 800 °C), and oxygen partial 
pressures (a range of 10-6 to 10-1 Torr), etc. 
The usual growth process of ZnO nanostructure follows the vapor-
phase transport approach. It can be divided into two methods: Growth with the 
assistance of noble metal catalysts and growth through thermal evaporation, in 
which the highest growth rate is along the c-axis and the large facets are m-
plane and a-plane with lower energy [102]. The vaporization temperature 
ranges from 800–1100 °C [77]. Compared to these techniques, hydrothermal 
synthesis is a novel wet chemical approach at low temperatures for synthesis 
of ZnO nanonods with cost-effective [103, 104]. In this method, a growth 
environment of water-based liquid phase is controlled. By adjusting the 
precursor concentration, the density of ZnO nanoplate arrays could be 
controlled. The main advantages of hydrothermal method are its easiness in 
the fabrication process, the considerably low cost, and the variety of 
nanostructures achievable by just simple adjustments of the growth conditions. 
 
2.3.4 Piezoelectricity and Polarization Switching in ZnO Based Materials 
ZnO is a well-knwon piezoelectric material. The piezoelectricity in 
pure ZnO can be explained from its crystal structure (Fig. 2.6). As mentioned 
before, the positive charged Zinc cation is surrounded by tetrahedral negative 
charged oxygen anions. The negative and positive charges overlap in the 
center of the tetrahedron without external stress. By exerting a stress on the 
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crystal along the c-axis direction of the tetrahedron, its crystal structure will be 
distorted (Fig. 2.6). The negative charged center is no longer coincided with 
the position of the positive charge central atom. Hence it generates an 
electrical dipole. In addition, doping was found to have a pronounced effect on 
both microstructure and piezoelectric property of ZnO [105]. Piezoelectric 
property with strong increased d33 value (up to 110 pm/V) was observed in 
doped ZnO ﬁlms [9, 106]. ZnO based materials with this piezoelectric 
property has been widely used in applications of sensors/actuators [107, 108], 
underwater acoustic detectors [109], surface-wave transducers [110], and 
generators [48], etc.   
 
Fig. 2.6 Possible mechanism of piezoelectricity in pure ZnO. 
 
On the other hand, ZnO is not usually considered as ferroelectric 
material. Onodera et al, are the first group which observed polarization 
switching hysteresis loop in Li doped ZnO thin film [111]. They found that the 
remnant polarization of Zn0.83Li0.17O was 0.044 µm/cm2 at room temperature. 
This demonstrated the wurtzite-type ZnO has the property similar to 
ferroelectric property. It is believed that the large difference in ionic radii 
between the host Zn (0.74 Å) and the dopant Li (0.60 Å) plays a very 
important role in the property similar to ferroelectric property in Li-doped 
ZnO. These substituted ions are located in off-centered positions and this 
would locally induce permanent electric dipoles. As Li+ does not have 3d 
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electron, this would increase the ionic bond and alter the lattice structure. It is 
also believed that the phase transition results from small structural distortion, 
which is induced along the polar c-axis. They also found a dielectric anomaly 
at about 330K, the spontaneous polarization induced by Li doping might cause 
this phenomenon, and this spontaneous polarization could be switched, which 
made the dielectric constant increase [112]. More recent results show that in 
ZnO doping with Cu, Mg, Cr, and V can also fortify the property similar to 
ferroelectric property [16, 17, 106, 113]. Furthermore, it is reported that such 
kind of ferroelectric-like property in the nanostructures can be enhanced with 
scaling down of their dimensions [44]. The phenomena are most likely due to 
either the increase of the surface-to-volume ratio or the more undirected 
structures at nanoscale.  
However, traditionally, it is still argued whether ZnO can be 
considered as ferroelectric material. Therefore, the property which is similar to 
ferroelectric property is termed as ferroelectric-like property in the literature 
[23]. However, the mechanism of ferroelectric-like property in ZnO-based 
materials is still in a controversy as such property is also reported in pure ZnO 
by Herng et al. as well as Ghosh et al. [23, 49]. In the pure ZnO thin films [23], 
it is found that the polarization switching can only occur at high resistivity 
state. Two factors may contribute to the ferroelectric-like property in the pure 
ZnO based materials. One is that the oxygen vacancy in ZnO may assist the 
polarization switching processes, in which the domain reversal happens at the 
vicinity of the oxygen vacancy. The oxygen vacancy can lower the activation 
energy and assist the accomplishment of the domain movement [23]. Another 
one is that the large lattice mismatch between the substrate and ZnO due to the 
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zinc interstitial defects might attribute to the existence of ferroelectric-like 
property [49]. On the other hand, ZnO is theoretically known to have the polar 
6mm group point, which is symmetric; and therefore ZnO is not traditionally 
considered as ferroelectric materials [114, 115]. In these arguments, the 
arising ferroelectric-like property or abnormal dielectric change may be 
originated from space charge or the presence of moisture in the measurement 
system [114-116]. In addition, ZnO based materials have resistive switching 
behaviors [23, 25]. They are highly conductive that may damage ferroelectric-
like property because the polarization can be screened by conduction electrons. 
 
2.3.5 Resistive Switching Behavior in ZnO Based Materials 
Resistive switching behavior in ZnO based materials have been studied 
intensively because of its simple compositions, clear switching properties, 
high ROFF/RON ratio, and low set and reset voltages, as well as higher 
breakdown voltages. The resistive switching (RS) behavior has been reported 
in ZnO-thin films such as ZnO [21-24], Cu:ZnO [25], ZnMnO [117], ZnMgO 
[2] and  ZnLaO [118] and their devices. The possible mechanisms underlying 
the resistive switching behavior have been proposed, including the formation 
and rapture of ﬁlamentary conducting paths between the two electrodes or in a 
close vicinity of the electrode/ﬁlm interface; the modiﬁcation of the resistivity 
in electrode–ﬁlm interface with the defects engineering or trapped carrier 
under an electric ﬁeld; as well as the bulk effect [2, 26, 68]. Recently, the 
resistive switching (RS) behavior has also been reported and extensively 
studied in undoped ZnO nanoplates [119-121], nanocolumns [122] and 
nanoislands [27]. Compared to thin films, one-dimensional (1D) ZnO 
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nanostructure can reduce the variation of the set or reset voltage due to 
localized vertical filaments in the unidirectional structure. However, the detail 
mechanisms are still unclear, since the underlying mechanisms can be affected 
by many factors. Of these, the inevitable existence of intrinsic defects and 
intentional doping may contribute to the underlying mechanisms. Oxygen 
vacancies, VO, are inevitable to form in the samples at low oxygen partial 
pressure during the film deposition. The concentration of VO decreases with 
increasing the oxygen partial pressure, which has been confirmed by Raman 
spectra [23, 123]. It is also known that, the concentration of VO would increase 
by annealing the sample in low 𝑃𝑂2 condition, such as high vacuum condition 
[123, 124]. The presence of the VO would increase the conductivity of the 
samples. Recent studies have indicated that the electrochemical migration of 
oxygen vacancies in the vicinity of the interface also results in resistive 
switching [23, 125]. On another hand, dopants can also tune the band structure 
of the ZnO samples [126]. It is known that the resistivity increases with proper 
element dopants. Among the doped ZnO compounds, the study shows that the 
resistivity increases exponentially with increasing the concentration of doped 
copper [17]. In addition, for the ZnO-based materials, the ferroelectric-like 
behavior may complicate the RS behavior and mechanisms [23, 127]. It was 
reported that, for ferroelectric materials, the reversal of the ferroelectric 
polarization might change the conduction band proﬁle in the tip/sample 
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2.4 Scanning Probe Microscopy 
Since the inventions of scanning tunneling microscopy (STM) and 
atomic force microscopy (AFM) [31, 128], scanning probe microscopy (SPM) 
techniques have been developed as primary tools to characterize structure, 
electronic, magnetic, mechanical, optical, electrochemical and transport 
phenomena on atomic, nano- to micro- scales. This is due to their high-
resolution in imaging and the capability for local property measurements [32]. 
In this section, the relevant SPM techniques will be reviewed. These 
techniques will be used extensively in this project to study the piezoelectric, 
polarization switching, resistive switching, and surface potential 
characteristics of the ZnO-based thin films. More specifically, conductive 
Atomic Force Microscopy (c-AFM) is used to study the characteristics of 
morphological and electrical properties [23, 26, 34, 129, 130]; Piezoresponse 
Force Microscopy (PFM) based techniques are used to study the polarization 
switching and domain dynamic behaviors at nanoscale [33, 35]; and Kelvin 
Probe Force Microscopy (KPFM) is used to obtain surface potential on the 
sample surface [37, 130]. 
 
2.4.1 Piezoresponse Force Microscopy (PFM) 
PFM provides a unique opportunity for directly studying of the local 
domain structure evolution under an external electric field, which usually 
cannot be obtained by other macroscopic techniques. A conductive probing tip 
is used for domain visualization and modification of the initial domain 
structure. It measures the mechanical response when an electrical voltage is 
applied with a conductive tip based on the reverse piezoelectricity principle.  
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In addition, application of a small DC voltage between the tip and the bottom 
electrode can generate an electric field of several hundred kilovolts per 
centimeter, which is higher than the coercive voltage of most ferroelectric 
materials; this can therefore arouse local polarization reversal. An application 
of the positive or negative DC bias to the tip can induce 180° polarization 
switching, re-orienting domains to upward or downward direction and this 
provides both “storage” and “read-out” capabilities. At the same time, the 
domains can be imaged using PFM. By using the sequential polarization 
switching performed with a series of voltage pulses applied to the tip followed 
by consequent imaging, PFM can be used to study the thermodynamics and 
kinetics of domain nucleation, growth, and relaxation as well as domain wall 
movement. In the process of domain growth during tip-induced polarization 
switching, the domain wall velocity was calculated as a function of the domain 
radius and the local electric field using distribution function defined by a 
charge sphere model [131]. The polarization relaxation study, which refers to 
the “progressive loss of polarization” in the absence of external electric field, 
has important impact on the device reliability and retention. The traditional 
way of relaxation study is the measurement of remnant polarization of a 
capacitor as a function of time. Due to the macroscopic size of the electrodes 
(typically several tens of micrometers), it is difficult to study relaxation 
behavior in nanoscale. However, PFM provides the possibility to study this 
phenomenon at nanoscale [132].  
The standard experimental PFM setup is illustrated as Fig. 2.7. A 
function generator is used to apply an AC voltage, Vω, between the tip and the 
bottom electrode. The average force on the cantilever during the scanning 
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process is kept constant by a feedback loop. The voltage-induced cantilever 
deﬂection is detected by a reﬂected laser beam on a four quadrant photodiode. 
The two signals: (a + c) − (b + d) and (a + b) − (c + d) are demodulated with 
two lock-in representing the in-plane and out-of-plane signals, i.e., lateral 
PFM and vertical PFM, respectively [Figs. 2.8(a)-2.8(d) ]. When the tip is in 
contact with the sample surface, the local piezoelectric response is detected as 
the first harmonic component of the tip deflection, the phase ϕ, of the 
electromechanical response of the surface yields information on the 
polarization direction below the tip. For c- domains (polarization vector 
oriented normal to the surface and pointing downward), the application of a 
positive tip bias results in the expansion of the sample, and the surface 
oscillations are in phase with the tip voltage, i.e., ϕ= 0.  For c+ domains, the 
response is opposite and ϕ= 180°.  
 
Fig. 2.7 Standard experimental PFM setup [133]. 
 
In vertical PFM, the voltage applied to the tip is: 
𝑉 𝑡𝑖𝑝  =  𝑉𝐷𝐷  + 𝑉 𝐴𝐷  𝑐𝑐𝑐( 𝜔𝜔)                                                  (2.1)                                                                                   
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in which, ω is the frequency of the applied bias; VAC is AC drive amplitude; 
and VDC is DC bias. This results in piezoelectric strain in the material which 
causes cantilever displacement as: z =  z 𝑑𝑑  +  A(ω, V 𝐴𝐷 , V 𝐷𝐷)cos(ωt + 𝛹)                           (2.2)                                                                           
where z 𝑑𝑑  is the cantilever displacement caused by DC biases; 𝛹  is the 
deviated phase. When the voltage is driven at a frequency well below the 
contact resonance of the cantilever, and this biased structure is assumed as a 
capacitor and the specimen is a homogeneously polarized (in the z- axis 
direction) stress-free ferroelectric material. This expression becomes 
𝑧 =  𝑑33𝑉 𝐴𝐷  +  𝑑33𝑉 𝐴𝐷  𝑐𝑐𝑐(𝜔𝜔 + 𝛹)                               (2.3)                                                                            
where d33 is the piezoelectric coefficient along the polarization direction. Figs. 
2.8(a) and 2.8(b) show that the magnitude of the oscillating response is a 
measurement of the magnitude of d33, and the phase is sensitive to the 
polarization direction of the materials. The direction of the polarization 
determines the sign of the response. This means that, if the electric field is 
aligned parallel to the spontaneous polarization, it leads to a lifting of the 
cantilever due to the d33 effect (out-of-plane signal). The vertical PFM is based 
on this principle, which results in different phase angles detected in the 
vertical direction. For instance, if the phase angle has a contrast of 180°, it 
indicates that the polarizations in this sample are pointing upward and 
downward, respectively. It may also cause an additional lateral deformation of 
the material via the d31 piezoelectric coefficient. Therefore, lateral PFM, when 
electric field is applied orthogonally to the polarization, it is used to detect a 
shear movement due to the d15 coefficient. This movement causes a torsion 
deformation of the cantilever and hence the laser spot moves horizontally (in-
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plane signal), as shown in Figs. 2.8(c) and 2.8(d). If a grain with the 
polarization aligned in the xz-plane, the applied field will cause both vertical 
as well as torsion movement of the cantilever. A strong in-plane and a weak 
out-of-plane signal will indicate that the polarization has only a small 
component of the polarization pointing into the z-direction (Pz) and the 
majority of domains are aligned in the film plane. Due to the cantilever 
asymmetry, the polarization in the y-direction Py can only be recorded by 
physically rotating the sample by 90° along the z-axis and repeating the in-
plane measurement. By acquiring all three components of the piezoresponse 
signal, it is possible to perform at least semi-quantitative reconstruction of 
polarization orientation. If all the components of the piezoelectric tensor are 
known, one can then calculate the precise orientation of polarization. This is 
called vector PFM and illustrated as Fig. 2.8(e). So vector PFM permits 
qualitative inspection of the correlation of grain size, shape and location with 
local polarization orientation and domain wall character. 
 
Fig. 2.8 Schematic plots of (a)-(b) vertical PFM; (c)-(d) lateral PFM; and (e) 
vector PFM [133]. 
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2.4.2 Dual AC Resonance Tracking PFM (DART-PFM) and Band Excitation 
PFM (BE-PFM) 
 
Fig. 2.9 Principle for DART-PFM [134]. 
 
The dual AC resonance tracking PFM (DART-PFM) is a technique 
operated at near contact resonance frequency (f0) [135]. During the DART-
PFM mode, two amplitudes (A1, A2) and two phases (ϕ1, ϕ2) can be collected 
simultaneously by oscillating the cantilever at two drive frequencies (f1<f0 and 
f2>f0) (Fig. 2.9). On the other hand, the shift of f0 can be recorded by tuning f1 
and f2, and the difference of the two frequencies is maintained as a constant Δf 
= f2-f1, whereas ΔA = A1-A2 = 0 [136]. During the PFM measurements, the 
recorded responses are directly from the oscillated cantilever and usually fitted 
with the damped simple harmonic oscillator (DSHO) model [137, 138]. After 
the DSHO fitting, images of piezoresponses, namely, the resonant frequency 
ω0, amplitude A0 and phase ϕ0 at resonance can be quantified simultaneously. 
Furthermore, another parameter, Q-factor can also be fitted from the measured 
amplitude and phase data and stored as image. The resonance frequency is 
primarily determined by the cantilever and tip-surface spring constants, i.e., it 
provides a quantitative mapping of conservative tip-surface interactions. The 
amplitude and phase depend on the driving force and the polarization state of 
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the materials, whereas the Q-factor (or peak width) is a measurement of the 
dissipative tip-surface interactions [137]. 
The band excitation PFM (BE-PFM) is a multi-frequency PFM mode 
by tracking a predefined frequency band in which the resonance frequency is 
appropriately in the middle of the band [139-141]. The BE approach excites 
and detects the response in a band of frequencies (Fig. 2.10). The probe is 
excited using a signal that spans a continuous band of frequencies, and the 
response is monitored within the same frequency band. The excitation can be 
mechanical, optical, electric, or magnetic, mirroring classical SPM techniques. 
The cantilever response is measured using the SPM hardware and the resulting 
response data at each point are collected. Similar to DART-PFM, The results 
are then analyzed to extract relevant parameters by DSHO [137, 138]. BE 
method allows to obviate many problems inherent in single-frequency and the 
Dual AC Resonance Tracking frequency PFM, ranging from uncertainties in 
dissipation and phase imaging to lack of information on non-linear interactions, 
as well as the topographic cross-talk [139-141]. Hence, the results are more 
quantitative and reliable. Remarkably, the BE method does not require 
signiﬁcant increase in data acquisition times.  




Fig. 2.10 Principle of Band Excitation Piezoresponse Fore Microscopy (BE-
PFM) [137]. 
 
2.4.3 Piezoresponse Force Spetroscopy (PFS) and Switching Spectroscopy 
Piezoresponse Force Microscopy (SS-PFM) 
To further study the nanoscale domain switching behavior of the 
materials, the piezoresponse force spectroscopy (PFS) is used to acquire the 
hysteresis loops at certain special locations. Furthermore, switching 
spectroscopy piezoresponse force microscopy (SS-PFM) is based on the PFS 
technique. The SS-PFM measurements, in the mapping mode, are conducted 
in a grid of m×n points within a scanning area. As shown in Fig. 2.11, a sine 
wave is carried by a square wave that steps in magnitude with time.  Between 
each ever-increasing voltage step, the offset is stepped back to zero with the 
AC bias still applied to determine the bias-induced change in polarization 
distribution (e.g. the size of the switched domain). It is then possible to obtain 
the hysteresis curve of the switching of the polarization [142]. Hence, in this 
mode, bias-on and bias-off phase hysteresis loops, ϕ(E), and amplitude loops, 
A(E), can be obtained. The piezoelectric hysteresis loop, PR(E), is calculated 
from the equation of PR(E) = A(E)*cos[ϕ(E)]. To exclude the electrostatic 
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effect on PR(E), both ϕ (E) and A(E) loops were obtained at bias-off state. 
From the PR(E) hysteresis loops, several parameters can be extracted, 
including imprint bias, , coercive bias, , 
remanent switchable responses, 𝑅0 = 𝑅0+ − 𝑅0− , maximum switchable 
responses, 𝑅𝑠 = 𝑅𝑠+ − 𝑅𝑠− , and effective work of switching, 𝐴𝑠 =
∫ [𝑅+(𝑉) − 𝑅−(𝑉)+∞−∞ ]𝑑(𝑉). These PR(E) hysteresis loops therefore provide 
very useful information to characterize the switching mechanisms and the 
ferroelectric degradation [131]. Measurements of local hysteresis loops are of 
great importance in inhomogeneous or polycrystalline ferroelectric materials 
as the loops can be used to quantify the polarization switching on a scale 
significantly smaller than the grain size or inhomogeneity variation, whereas 
the polarization switching starts with the nucleation of a single domain just 
under the tip. When the applied DC bias increases, this newly formed domain 
elongates towards the bottom electrode, simultaneously expands in lateral 
dimensions until reaching to an equilibrium size, in which depends on the 
value of maximum applied voltage (Fig. 2.11). Hysteresis loop broadening can 
occur due to imperfect tip-surface contact, i.e., dielectric gap, resulting in the 
attenuation of effective surface potential, V(0) = α*Vtip, where α is the 
normalized tip-sample contact stiffness. Since the area enclosed by hysteresis 
loop (rather than loop width) provides a robust measure of the pinning strength 
in the material. The electrostatic and electrostrictive contributions to the PFM 
signal are conservative (for linear elastic material) and do not contribute to the 
area within the loop [142]. Thus, the energy losses during the switching and 
pinning strength of the material can be extracted from the loop area. 
( ) 2/npim VVE −= ( ) 2/npc VVE +=




Fig. 2.11 Switching Spectroscopy Piezoresponse force spectroscopy: (a) bias 
waveform for electromechanical spectroscopy measurements; (b) model 
hysteresis loop with switching parameters labeled and corresponding domain 
nucleation progression. Both in-field and remnant piezoelectric hysteresis 
loops can be measured [142]. 
 
2.4.4 Kelvin Probe Force Microscopy (KPFM)  
Kelvin probe force microscopy (KPFM) is a nondestructive technique 
which is used to determine the contact potential difference (CPD), i.e., the 
work function difference between the probe and the sample. It is used to 
measure of the surface potential distribution and can quantitatively analyze the 
dynamic changes of the relative amounts of polarization charges, injection 
charges and screen charges [36, 37, 143, 144]. The equipment setup of KPFM 
is shown in Fig. 2.12. In this technique, to quantitatively determine the CPD, 
an external AC bias, VAC, supposed on a DC bias, VDC, is applied to the probe. 
This applied bias will oscillate the probe at a frequency of ω and then produce 
an electrostatic force, Fes, on the cantilever. If the system is modeled as a 
parallel plate capacitor, then the electrostatic force between the two plates is 
proportional to the square of the applied voltage: 
𝐹𝑒𝑠 =  12 𝜕𝐷𝜕𝜕 𝑉2                                                                                     (2.4) 
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The total potential difference between the probe and the sample is the sum of 
the applied AC bias (VAC ), the potential difference, VCPD, and any DC voltage 
applied ( VDC ), i.e.: 
𝑉 =  𝑉𝐷𝐶𝐷 +  𝑉𝐷𝐷 +  𝑉𝑎𝑑 sin𝜔𝜔                                                         (2.5) 
By substituting Eq.(2.5) into (2.4) and rearranging it, we can get: 




(�(𝑉𝐷𝐷 − 𝑉𝐷𝐶𝐷)2 + 12 𝑉𝑎𝑑2  � + 2[(𝑉𝐷𝐷 − 𝑉𝐷𝐶𝐷)𝑉𝐴𝐷 sin(𝜔𝜔)] −[1
2
𝑉𝐴𝐷 cos(2𝜔𝜔)])                                               (2.6)                                   
There are three components on the right side of Eq.(2.6). The first term has no 
frequency dependence and contributes to the topographical signal. The third 
term oscillates at twice of the drive frequency, which can be used for 
capacitance microscopy. The most important term is the second term, which 
can be used to measure the CPD. In the second term, when applying an AC 
bias to the tip, the oscillatory force at the frequency of ω will be induced and 
this force is proportional of the magnitude of the applied voltage as well as the 
potential difference. In addition, if VCPD = VDC, with a potential feedback loop 
between the tip and the sample, then the oscillations at ω will be nulled. 
Therefore the exact potential difference between the probe and the sample can 
be determined, and hence the work function of the samples can be calculated.  




Fig. 2.12 Schematic of the instrument setup for KPFM [32]. 
 
2.4.5 Conductive Atomic Force Microscopy (c-AFM) 
Conductive Atomic Force Microscopy (c-AFM) is a powerful 
technique for measuring conductivity variations in the materials. It allows 
current measurements in the range of hundreds of femtoamps to nearly a 
microamp.  Conductive AFM can simultaneously map the topography and 
current distribution of a sample.  It is very useful for a wide variety of electric 
characterization of thin dielectric films, ferroelectric films, nanotubes, 
conductive polymers, etc. The c-AFM module consists of a specially designed 
cantilever holder that includes a transimpedance ampliﬁer. The cantilever 
holder is used with conductive AFM probe to operate the measurements. The 
easiest imaging mode for measuring the localized conductivity of a sample is 
to combine the current measurements with contact mode AFM imaging. In 
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addition, it is possible to reproducibly obtain current-voltage (I-V) curves at a 
certain point (Fig. 2.13).  
 
Fig. 2.13 (a) Topography image and (b) current image of a Europium-doped 
ZnO sample at a bias of 1.5 V, 2×2 µm2 scan area. (c) current-voltage (IV) 
curves at particular points marked in the current image [145]. 
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CHAPTER 3 Materials and Methods 
 
This chapter describes the sample preparation methods for this project. 
The SPM setups and characterization procedures are provided.  However, the 
SPM operational parameters may vary between the experiments. Thus, the 
details of experimental parameters will be discussed in the corresponding 
chapters.  
 
3.1 Sample Preparation 
 
3.1.1 Undoped ZnO Thin Films and ZnO:Cu Thin Films 
In this study, the undoped ZnO thin films (with an approximately 
thickness of 36 nm) were deposited by pulse laser deposition (PLD) technique 
on commercial Pt/Ti/SiO2/Si substrates. The used laser was with a frequency 
of 20 Hz and an energy fluence of 3 J∙cm−2. The substrate temperature was 
350 °C, and the samples were deposited under oxygen partial pressure, 𝑃𝑂2 of 
1.2×10-4 Torr and 1.6×10-2 Torr respectively.  
The ZnO:Cu samples (with 0 at.%, 2 at.%, 8 at.%, 12 at.% Cu content 
respectively) were also deposited by using pulse laser deposition (PLD) 
technique. A KrF excimer laser operating at 248 nm and a Florence of 1.8 
J·cm−2 were conducted in the PLD technique. The deposited temperature was 
600 °C and the deposited oxygen partial pressures were 2×10-4 Torr and 1×10-6 
Torr respectively. The nominal thickness of the ZnO:Cu film was 
approximately 240 nm.  
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In all the sample preparation, the employed substrate was commercial 
Si wafer with 300 nm silicon oxide layer, 50 nm Ti layer and finally with 150 
nm Pt layer served as bottom electrode for various SPM characterizations.  
 
3.1.2 Undoped ZnO Nanoplates 
Undoped ZnO nanoplates were prepared by using hydrothermal 
method. Through appropriate strategies, this method can grow one-
dimensional (1D) nanostructures at low temperature with simple and 
economic fabrication processes [46, 146]. To minimaze the lattice mismatch 
between the substrate and the nanoplates, and obtain [0001] textured ZnO 
nanoplates, the spinel substrate was used for the epitaxy growth [147]. A thin 
platinum layer was deposited on the spinel substrate and served as a 
conductive layer for the SPM measurements. This thin Pt layer does not play a 
role in promoting growth on the substrate, and it does not hinder the growth of 
ZnO on the spinel substrate either. Before growing the nanoplates, the spinel 
substrate was cleaned for 5 minutes each in deionized (DI) water followed by 
ethanol. After drying with a stream of nitrogen (N2) gas, 10 nm of platinum (Pt) 
layer was sputtered onto the substrate. To grow the ZnO nanoplates, 12.5 mL 
growth solution was prepared by mixing zinc nitrate hexahydrate (ZN, 
Zn(NO3)2.6H2O, 0.04 M), hexamethylenetetramine (HMT, C6H12N4, 0.0125 M) 
and ammonium nitrate (AN, NH4NO3, 0.15 M). The substrate was placed into 
the growth solution and heated at 90 °C for 50 minutes. The nanoplate samples 
were then rinsed in ethanol and dried in air at 55 °C. 
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3.2 Morphology Characterization and Crystal Structure 
 
3.2.1 Scanning Electron Microscopy (SEM) 
SEM is a vastly used characterization tool to observe surface 
morphologies of various kinds of materials. In this study, SEM was used to 
study the topography and roughness of ZnO nanoplates.  
 
3.2.2 AFM 
AFM is usually the primary choice to observe high resolution 
nanoscale image of surface morphology. A commercial AFM (MPF-3D, 
Asylum Research, US) was used for this study. AC-mode or tapping mode 
was used to preserve both the sample surface and tip. This mode also has 
higher resolution than that of the contact mode. Under the AC-mode, repulsive 
regime (phase angle < 90°) was usually maintained. Scan speed was kept as 1 
Hz.  
 
3.2.3 X-ray Diffractometer (XRD) 
The crystal orientation of the epitaxial growth ZnO based materials 
was determined by using an X-ray diffractometer (XRD, Shimazu XRD-7000, 
Japan) with a monochromatic CuKα radiation source with λ = 0.1506 nm. The 
X-ray profiles were recorded in continuous θ-2θ scan mode with the 2θ angle 
between 30 -65°. The scan speed was 0.5°/min. The operation voltage and 
current were 40 kV and 30 mA, respectively.  
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3.2.4 Photoluminescence (PL) 
The photoluminescence (PL) was carried out on the undoped ZnO 
nanoplates at room temperature by Renishaw Raman/PL Micro-spectroscopy 
System with He–Cd laser. The excitation wavelength is 325 nm. The obtained 
PL spectra were used to characterize the defects in the thin films and 
nanoplates, such as zinc interstitial and oxygen vacancy. 
 
3.3 DC Poling Process 
In this study, a commercial SPM system (MFP-3D, Asylum Research, 
USA) was used as a primary characterize tool. The system was equipped with 
a commercial software platform (IGOR PRO 6.22A) and SPM control 
software (Asylum Research, version 101010-2106 to version 13.03.70). To 
study the domain switching and relaxation, the poling processes with DC 
biases were applied. The DC poling processes was achieved by applying a DC 
bias to the conductive tip, and the bottom Pt electrode of the sample was 
grounded [Fig. 3.1(a)]. For the poling processes, the magnitude of applied 
biases ranged in the PFM technique. Commercial Pt-coated Si tips (AC240TM, 
Olympus, Japan) were used in all the SPM techniques. These tips have 
average tip radius of 15 nm, average spring constant of 2 N/m, average inverse 
optic lever sensitivity of 100 nm/V and average resonance frequency of 65 
kHz, respectively. To protect the coating of the tip from wearing and 
maximize the charge gradient across the domain boundaries, the scan angle 
was fixed at 90°, i.e., the scan orientation was normal to the length of the 
cantilever. Furthermore, to avoid the electrostatic effects, the samples were 
grounded when being scanned by PFM tip. 




Fig. 3.1 Schematic drawing of the SPM set-up used in this study: (a) PFM and 
KPFM measurements, in which the bias is applied to the SPM tip, and the 
sample is grounded through the bottom electrode (Pt); (b) c-AFM 
measurement, in which the bias is applied to the sample through the bottom 
electrode (Pt), whereas the SPM tip is grounded; Schematic drawing of the 
sequence poling processes in this study: (c) the “out-in” poling processes; (d) 
the “up-down” poling processes. 
 
In the local area RS experiments, DC poling processes, i.e., the “set” 
and “reset” experiments were also conducted. However, this DC poling 
process is opposite to that by PFM technique as the poling process was done 
by applying DC bias through the bottom electrode (Pt) [Fig. 3.1(b)]. The 
sequence poling processes [defined as “out-in” and “up-down” poling 
processes in this work, shown in Figs. 3.1(c) and 3.1(d)] were first conducted 
by c-AFM. In the “out-in” poling processes, a sample bias of -10 V was firstly 
applied on a selected area and followed by a sample bias of 10 V on the 
middle of the area poled by -10 V. In the “up-down” poling processes, sample 
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3.4 Nanoscale Piezoelectric Property Characterization by PFM 
3.4.1 Domain Imaging 
The PFM technique was used to reveal piezoresponse variations and 
domain structures. The Dual AC resonance tracking (DART) PFM mode was 
taken to detect the true response of sample surface. By this mode, topography, 
phase, amplitude and frequency images can be obtained simultaneously. After 
the damped simple harmonic oscillator (DSHO) fitting [137, 138], images of 
four independent parameters, namely the resonant frequency ω0, amplitude A0 
and phase ϕ0 at resonance, and the quality-factor Q can be quantified. Both in-
plane and out-of-plane PFM responses, i.e., lateral PFM (electric field is 
applied orthogonal to the measured deformation) and vertical PFM (the 
electric field is aligned parallel to the measured deformation), can be obtained. 
The drive voltage, i.e., AC voltage was dependent of the sample, but less than 
its coercive voltage. To get good contact resonance frequency tracking, the 
scan rate was 1 Hz or even less. To get good resolution, the scan lines × points 
were kept as 256×256. 
 
3.4.2 Piezoelectric Coefficients  
The amplitude, A, refers to the deflection of the cantilever caused by 
inverse piezoelectric effect. The slope of the corresponding sample responsive 
amplitudes against AC voltages was detected as the value of d. For the vertical 
PFM measurement, the out-of-plane deformation of the surface is registered 
through the deflection of the cantilever. The piezoelectric coefficient, dvertical, 
can be obtained by using the formula of Avertical=dverticalEAC. For the lateral 
PFM measurement, the vertical electric ﬁeld induces a shear deformation of 
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the sample surface and causes a torsional twist of the cantilever. The 
piezoelectric coefficient, dlateral, can be obtained by the formula of 
Alateral=dlateralEAC. EAC is also less than the coercive voltage. The detailed 
definitions of dvertical and dlateral are shown in in Appendix E. 
 
3.4.3 BE-PFM Imaging 
BE-PFM is a multi-frequency SPM technique. It is using a band of 
frequency to closely track the shift of contact resonance frequency. In this 
SPM mode, cantilever was excited with an exponential chirp waveform with 
512 waveform points and the detected response was in a band width of 
continuous frequencies of 20 kHz. AC drive voltage of 2.5 V was applied to 
the tip. The data was again fitted by DSHO model; the resonant frequency ω0, 
amplitude A0 and phase ϕ0 at resonance, and the quality-factor Q were 
obtained simultaneously.  
 
3.5 Local Ferroelectric-like Hysteresis Loop Observation by PFS and SS-
PFM 
In the Piezoresponse Force Spectroscopy (PFS) measurement, i.e., 
when the PFM was operated in the spectroscopy mode, the SPM tip was fixed 
at an arbitrary location and a triangle-square waveform with a frequency of 
200 mHz was applied [Fig. 3.1(a)]. The time for bias-on and bias-off was 25 
ms, respectively. With the use of the high-voltage mode, the magnitude of 
pulse voltage can be gradually increased up to ±220 V until a saturated 
hysteresis loop is obtained. In this study, the PFS was conducted in ambient 
air, slow-flowing synthetic air and argon gas, respectively. The synthetic air 
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contains less than 5 ppm water, whereas the argon gas contains less than 0.02 
ppm water and 0.01 ppm oxygen. By using the PFS technique, the 
piezoelectric hysteresis loop, PR(E), was calculated from the equation of 
PR(E) = A(E)*cos[ϕ(E)] at bias-off state as mentioned previously. From the 
PR(E) hysteresis loops, several parameters can be extracted. In addition, the 
SS-PFM measurements, i.e., the mapping mode, PFS were conducted in a grid 
of 64×64 points within a scanning area of 2×2 µm2. Both amplitude and phase 
loops were acquired, and then the piezoresponse hysteresis loops were 
calculated on all of the 64×64 points. The hysteresis parameters mapping 
could then be determined from each hysteresis loop and followed by mapping 
for this 2×2 µm2 area.  
 
Fig. 3.2 Schematic diagram of the sine-like triangular-square waveform 
applied to SPM tip in the PFS and SS-PFM measurements. In this waveform, 
τ1 is the time for bias-off and τ2 is the bias-on time, VAC is AC voltage. 
 
3.6 Surface Potential Characterization 
The KPFM measurement was conducted after the poling process. The 
KPFM is operated under the alternating contact mode (similar to the tapping 
mode in other SPM systems). In this work, all of the KPFM images were 
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acquired by applying an AC voltage of 3 V with delta height and start delta 
height of 40 nm (Fig. 3.3). Different scan area sizes were used depending on 
the sample. The scan frequency was 1 Hz or less and the resolution was 
256×256 pixels respectively. It should be noted that, during the KPFM 
measurements, the biases were applied through the SPM tips whereas the 
samples were grounded through the bottom electrode (Fig. 3.3). For better 
comparison of the results across the different samples, the surface potential 
values of the unbiased region were reset to 0 V in all the cases. To exclude the 
effects of moistures and oxygen from ambient air, the KPFM measurements 
were also conducted in slow-flowing synthetic air and argon gas, apart in 
ambient air. 
 
Fig. 3.3 Schematic diagram of the KPFM technique. 
 
3.7 Resistance Switching Study 
In the c-AFM measurement, the SPM system with the conductive 
module (ORCATM) was used to study the local resistance switching behaviors. 
In the local point I-V curve measurements, a voltage sweep from -10 V to 10 
V was applied to the specific points on the sample surface with a triangle 
waveform and 10 Hz frequency, whereas the current was recorded. Then, the 
sequence DC bias processes with different scanning frequencies (1 Hz to 0.3 
Hz) were applied to the sample surface; this experiment was used to confirm 
                                                                                         Chapter 4 
49 
 
the conditions for resistive switching in the samples. After the confirmation of 
the resistive switching, a DC voltage was applied so that the topography and 
current image were simultaneously obtained on the 256×256 points array.  
When plotting the I-V curve according to the applied DC voltage (V), the 
average current, I, was obtained by averaging current value of every point in 
the current image. 
The effects of electroforming on the local area RS as well as the 
resistance relaxation process were studied in undoped ZnO thin films. A bias 
of -10 V was first applied to the sample surface on a 5×5 μm2 area with or 
without electroforming process initially, i.e., with or without applying a 
positive sample voltage to switch the sample to a conductive state. After 
removing the -10 V bias, a small DC sample bias, 1 V, was used to scan a 
larger area of 10×10 μm2 area where this 5×5 μm2 biased region was 
approximately in the middle. The scan rate was 1 Hz. The effects of scan rate 
and the numbers of scan on the RS behavior were also studied. To study the 
effects of the numbers of scan, the 5×5 μm2 area was scanned at -10 V for 1 to 
3 times respectively at 1 Hz. For the effects of the scan rate, the sample was 
scanned at -10 V sample bias using 1 Hz to 0.3 Hz frequencies, respectively. 
In all of the c-AFM measurements, the effects of set point, i.e., loading 
force, on local current-voltage (I-V) curves and current images were first 
studied. By analyzing these results, an optimized set point was determined and 
then was kept as a constant in the subsequent c-AFM measurements. The bias 
was applied to the bottom electrode of the sample whereas the tip was 
grounded. To avoid a permanent electrical breakdown of the sample, a current 
compliance of 10 nA was preset.  






Correlations between the 
Resistive Switching and 
Polarization Switching Behaviors 
in ZnO Thin Films  
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CHAPTER 4  Correlations between the Resistive Switching and 
Polarization Switching Behaviors in Zinc Oxide Thin Films  
 
This chapter presents detailed analysis of the resistive switching (RS) 
and polarization switching (PS) behavior as well as the charge distribution 
after the poling processes on the same location in undoped ZnO thin films by 
using several scanning probe microscopy (SPM) techniques. The effects of 
oxygen partial pressure during the deposition of the ZnO film and the 
uncompensated polarization in the film on RS behavior are investigated. In 
addition, the energy band diagrams in the Pt-tip/ZnO-film/Pt-bottom-electrode 
structure under the external biases are illustrated schematically. Finally, a 
more persuasive mechanism of resistive switching in ZnO films is proposed. 
 
4.1 Nonvolatile Resistive Switching Behavior in Undoped ZnO Films  
 
Fig. 4.1 XRD intensity as a function of the angle 2θ for ZnO thin films 
deposited under two different oxygen partial pressures: 𝑃𝑂2  = 1.2×10
−4 Torr 
and 𝑃𝑂2  = 1.6×10
−2 Torr, respectively. 
 
Firstly, the X-ray diffraction (XRD) was used to characterize the 
samples’ crystallinity and crystallographic orientation. The results confirmed 
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that the ZnO films used in this work have fully crystallinity and oriented with 
the c-axis along the [0001] direction [Fig. 4.1]. In the previous study of our 
collaborators, it is also confirmed there was no impurity in un-doped ZnO and 
the films is homogeneously distributed [20]. In this section, the resistive 
switching (RS) behavior of undoped ZnO film, which is deposited under 
oxygen partial pressure of 1.2×10-4 Torr, is first studied by using the c-AFM 
technique. In this test, a sequence DC biases is applied to the sample via the 
bottom electrode [Fig. 4.2(a)]. A 3×3 μm2 area is first poled with -10 V DC 
bias, and then the central 1×1 μm2 area is poled with 10 V DC bias. After 
these poling processes, a 5×5 μm2 area which includes these poled areas is 
scanned with c-AFM under 1 V bias. This smaller bias (1 V) is well below the 
“set” and “reset” biases and hence is not affect the poled states of the sample. 
It is found that with this small DC bias (1 V used for the c-AFM scanning), 
neither changes the film resistance as the “set” voltage is 3.5 V and the “reset” 
voltage is -4 V; nor perturbs the polarization state as 1 V voltage cannot 
switch the domains, as the coercive voltage for the polarization reversal are 
±2.5 V (Fig. 4.3), hence this small bias allows multiple nondestructive 
readouts in this study. In order to confirm whether the switching behavior in 
ZnO film can be maintained, the poling processes are conducted with two 
rates, 1 Hz and 0.3 Hz. The nonvolatile resistive switching behavior is 
observed independent of the poling rate, i.e., the area with -10 V shows no 
current [Fig. 4.2(b)], whereas the area with 10 V shows high current [Fig. 
4.2(c)]. Hence, with bias-on condition, the area poled by -10 V has switched to 
HRS whereas the area poled by 10 V has switched to LRS. However, at bias-
off condition, the areas are scanned with 1 V by c-AFM, the situation becomes 
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very different. It is found that, when the area, which was poled with the scan 
rate of 1 Hz and -10 V sample bias, is maintained at HRS, but the area poled 
by 10 V is switched back to HRS [Fig. 4.2(e)]. This indicates that the LRS 
cannot be maintained after the write voltage (10 V) removes. On the other 
hand, when the areas were poled with the scan rate of 0.3 Hz, after the poling 
processes, both HRS and LRS are maintained [Fig. 4.2(d)]. It suggests that the 
possible nonvolatile resistive switching behavior depends on the rate of the 
poling process. The switched states in ZnO can only be maintained when the 
poling rate is slow enough.  
Upon conformation of the resistive switching behavior in ZnO film, 
the average current-voltage (I-V) curves of the ZnO samples are measured in 
the similar way as reported before [23]. The current images under cyclic 
voltages and average I-V curves are shown as Fig. 4.4 and Fig. 4.5 for the 
ZnO samples deposited under the oxygen partial pressures of 𝑃𝑂2=1.2×10
−4 
Torr and 1.6×10-2 Torr, respectively. 
 
 





Fig. 4.2 Schematic diagram showing (a) the poling processes in the ZnO film 
sample, the central area is first poled by -10 V, following by 10 V in the 
middle of the area poled previously; (b) the current image under -10 V poling 
process in the central 3×3 μm2 area; (c) the current image under 10 V poling 
process in the 1×1 μm2 area; (d) current image of 5×5 μm2 area after poled by 
0.3 Hz of these poling processes, and the c-AFM scan voltage is 1 V; and (e) 
current image of 5×5 μm2 area after being poled by 1 Hz of the same poling 
processes, and the c-AFM scan voltage is 1 V. 
 
 
Fig.4.3 (a) PFS measured phase loops and (b) calculated piezoresponse 
hysteresis loops for ZnO thin films deposited under two different oxygen 
partial pressures: 𝑃𝑂2  = 1.2×10
−4 Torr and 𝑃𝑂2  = 1.6×10
−2 Torr, respectively. 
 
 




Fig. 4.4 Local resistance switching of ZnO film deposited under 𝑃𝑂2  = 
1.2×10−4 Torr. (a)-(f) current images corresponding to the measurements 
during the cyclic poling (0 V→5 V→-5 V→5 V), and (g) average current as a 
function of applied voltage (I-V) curve. 
 
 
Fig.4.5 Local resistance switching of ZnO film deposited under 𝑃𝑂2  = 1.6×10
−2 
Torr. (a)-(f) current images corresponding to the measurements during the 
cyclic poling (0 V→5 V→-5 V→5 V), and (g) average current as a function of 
applied voltage (I-V) curve. 
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4.2 Polarization Switching Behavior after DC Poling Processes in 
Undoped ZnO Films 
After the resistive switching study by using c-AFM, the areas with DC 
poling processes are scanned by PFM mode in the same SPM system. This 
experiment is similar to the work by Yang and colleagues on Ca-doped 
BiFeO3 film [148]. Figs. 4.6(a) and 4.6(b) are the current image and the out-
of-plane (vertical) PFM phase image of the same area after the resistive 
switching processes induced by c-AFM, respectively (the poling rate by c-
AFM is 0.3 Hz on the ZnO film of 𝑃𝑂2  =1.2×10
-4 Torr). It is noticed that when 
the sample is switched to HRS by -10 V, the polarization direction is also 
switched by about 180o (from yellow color to purple color in the red box). On 
the other hand, the 10 V poling has switched the sample from HRS to LRS, 
but cannot switch the polarization directions [green box in Fig. 4.6(b)]; In 
addition, the line profile [Fig. 4.6(c)] also shows there is no difference in the 
phase angles between the red and green boxes. However, when the poling was 
conducted at 1 Hz rate, the LRS has been switched back to HRS [Fig. 4.6(d)], 
and the polarization within the green box has been also switched [Fig. 4.6(e), 
from purple to yellow], which is also confirmed by the line profile [Fig. 4.6(f)]. 
These results have further confirmed that the polarization switching only 
occurs at HRS, whereas LRS cannot cause polarization switching in undoped 
ZnO thin films.  




Fig. 4.6 (a) c-AFM current image after the reversal poling processes, the 
scanning sample bias is 0.5 V over a 5×5 μm2 area after applying -10 V on a 
3×3 μm2 area (red square) and sequentially poling by 10 V on a central 1×1 
μm2 area (green square) on ZnO film deposited under 𝑃𝑂2  = 1.2×10
−4 Torr. The 
scan rate is 0.3 Hz; (b) out-of-plane PFM phase image of the same area [as 
shown in Fig. 4.6(a)] after the c-AFM measurement; (c) the line profiles of the 
out-of plane PFM phase image from the line profile showed in Fig. 4.6(b); (d) 
c-AFM current image after the reversal poling processes, the scanning sample 
bias is 0.5 V over a 5×5 μm2 area after applying -10 V on a 3×3 μm2 area (red 
square) and sequentially poling by 10 V on a central 1×1 μm2 area (green 
square) on ZnO film deposited under 𝑃𝑂2  = 1.2×10
−4 Torr. The scan rate is 1 
Hz; (e) out-of-plane PFM phase image of the same area [as shown in Fig. 
4.6(d)] after the c-AFM measurement; (f) the line profiles of the out-of plane 
PFM phase image from the line profile showed in Fig. 4.6(e). 
 
Furthermore, to study the effect of oxygen partial pressure to the 
polarization reversal, the same poling processes are also conducted on the film 
deposited at oxygen partial pressure of 𝑃𝑂2=1.6×10
-2 Torr. Figs. 4.7(a) and 
4.7(b) are the out-of-plane phase images for the two films deposited at 
different oxygen partial pressures, i.e., first applying 10 V tip bias to a 3×3 
µm2 area (red square) and then sequentially poling with -10 V tip bias on a 
1×1 μm2 area (green square) by PFM mode. It is obvious that, under the tip 
biased poling processes, the polarization switching behavior at HRS is 
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observed in both films. Fig. 4.7(a), which is obtained after the poling 
processes with the tip bias, shows the similar results as that of the Fig. 4.6(e) 
that is obtained after poling processes with the sample bias on the same 
sample, and hence this can exclude the effects of the different contacted areas 
at the bottom electrode/thin film interface and the tip/thin film interface on the 
poling results when poling with different methods of applying biases. Under 
the same poling processes and conditions, the polarization reversal of ZnO 
film deposited under 𝑃𝑂2=1.2×10
-4 Torr [Fig. 4.7(a)] is more clear and obvious 
than that [Fig. 4.7(b)] in the ZnO film deposited under 𝑃𝑂2  =1.6×10
-2 Torr. 
This can be clearly seen from the histogram of the phase angles showed in 
Figs. 4.7(c) and 4.7(d). For the film deposited at 𝑃𝑂2  =1.6×10
-2 Torr, the 
domain reversal is less than 180o, indicating not completed domain switching, 
in addition, the numbers of domain on both directions are less than those in the 
film deposited at 𝑃𝑂2=1.2×10
-4 Torr. This suggests the significant effects of the 
oxygen partial pressure during the film deposition, in which most likely results 
in different concentration of the oxygen vacancy in these two samples and the 
oxygen vacancy might be the domain inversed center assisting the polarization 
reversal [23]. In addition, by using photoluminescence (PL) spectrum and X-
ray photoelectron spectroscopy (XPS), Huang and colleagues [149] as well as 
Ma and colleagues [150] respectively reported that, the introduction of the 
oxygen concentration during deposition could reduce the amount of oxygen 
vacancies in the ZnO films. Moreover, by using Raman spectra and XAS 
spectra, Herng et al also reported that the oxygen vacancy concentration was 
reduced with increasing oxygen partial pressure when the films were deposited 
in the oxygen deficient atmosphere [20]. Based on the results, it is reasonable 
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to believe that, for the undoped ZnO film samples studied here, there are more 
oxygen vacancies in the film deposited under 𝑃𝑂2  =1.2×10
-4 Torr compared to 
the film deposited under 𝑃𝑂2  =1.6×10
-2 Torr. Here, the film deposited under 
𝑃𝑂2  =1.2×10
-4 Torr shows a much more significant polarization reversal 
behavior. Hence, the hereafter discussions on possible RS mechanisms and the 
built-up schematic energy band diagrams as well as the Schottky barriers in 
Pt-tip/ZnO-film/Pt-bottom-electrode structures are all based on this 
assumption: i.e., there are more oxygen vacancies in the film deposited in low 
oxygen partial pressure. In fact, all the behavior can be very well explained by 
this assumption. Moreover, in this study, the effects of the oxygen partial 
pressure on polarization reversal phenomena are repeated at least five times on 
the same sample by using the same tip but at different locations as well as by 
using different tips on the same samples to eliminate the effects of wearing of 
the conductive coating of the tip or tip roundness.  
 
Fig.4.7 (a) and (b) out-of-plane phase images for ZnO films deposited under 
𝑃𝑂2= 1.2×10
−4 Torr and 𝑃𝑂2  = 1.6×10
−2 Torr, respectively; (c) and (d) are the 
phase histograms from the red marked and green marked squares in Figs. 
4.7(a) and 4.7(b), respectively. The 10 V tip bias is applied to a 3×3 µm2 area 
(red square) and sequent poling with -10 V tip bias on a 1×1 μm2 area (green 
square), the images are obtained with 1 Hz scan rate. 
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4.3 Charge Distribution after DC Poling Processes in Undoped ZnO 
Films 
 
Fig.4.8 Surface potential images for ZnO film deposited under 𝑃𝑂2= 1.2×10
−4 
Torr: (a) the surface potential image after initial poling by 10 V and -10 V tip 
bias in the two adjacent areas of 6×3 μm2 within a 10×10 μm2 scanning area 
(with 0.8 Hz scan rate) in air; (b) surface potential of the same region after two 
times grounded tip scanning in air; (c) surface potential image after the same 
poling process as in Fig. 4.8(a) at another location (in air); (d) surface 
potential image after exposing sample to a flowing-Ar for two hours; (e) the 
surface potential image after initial poling by 10 V, 0 V, and -10 V sample 
bias in three adjacent areas of 3×1 μm2 within a 5×5 μm2 scanning area (with 
0.8 Hz scan rate) in air; (f) surface potential of the same region after exposing 
sample to flowing-Ar for two hours. 
 
To study the correlation between the RS behavior and the local charge 
distribution in the undoped ZnO film, the KPFM technique is used. First, the 
surface potential changes after poling processes (by tip bias) is measured by 
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KPFM technique on the ZnO film deposited under 𝑃𝑂2  = 1.2×10
-4 Torr. Fig. 
4.8(a) is the surface potential image after poling by 10 V and -10 V tip bias in 
the two adjacent areas of 6×3 μm2 within a 10×10 μm2 scanned area (scanned 
with 0.8 Hz scan rate under KPFM mode). It is generally known that the 
surface potential (measured by KPFM) in the biased region includes three 
types of charges, i.e., injection charge, screen charges and polarization charges 
[37, 43]. If the region exhibits higher surface potential than that of the un-
poled region, it means that the poled region is positive charged and vice versa. 
Fig. 4.8(a) shows that the region after poling by tip bias of 10 V has bright 
contrast, which indicates that the positive charges are stored in this region.  
The surface potential in the region poled by tip bias of -10 V shows dark color, 
which suggests that the surface potential is lower than that of the un-poled 
region and this means that the negative charges are stored in this region. As 
the injection charge and screen charge are related to the tip bias and the 
environments, such as adsorbed water molecules at the surface, grounded tip 
scanning is conducted after the KPFM measurement. Fig. 4.8(b) is the surface 
potential image after two times grounded-tip scanning. It is obvious that the 
surface potential values in both regions are reduced significantly. The surface 
potential in the region poled by -10 V tip bias decreases to the value similar to 
that of the un-poled region. This shows that the stored charges after poling by 
negative tip bias can be removed by ground-tip scanning and this suggests that 
the decreased surface potential is most likely due to the surface screen charges 
but not the polarization charges. In addition, as the grounded-tip scan may not 
be able to completely remove the effects of adsorbed water molecules when 
KPFM is conducted in the ambient air. The KPFM measurements are also 
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conducted in the slow-flowing Ar environments after the sample is placed in a 
gas cell with Ar flow for 2 hours [Figs. 4.8(c) and 4.8(d)]. It is clear that the 
surface potential in the 10 V biased region (tip bias) is significantly reduced. 
This shows the increased surface potential after poled with the positive bias in 
air is mainly due to the adsorbed water molecules. Whereas the surface 
potential in the negative biased region is also somewhat screened out by water 
molecules. Next, as the c-AFM is conducted with sample bias (tip grounded), 
the effects of sample bias on KPFM measurement is therefore studied. The 
sample was poled in air by using the sample bias, and then the sample was 
placed in the gas cell with Ar flow for 2 hours and followed by KPFM 
measurement in the slow-flowing Ar environments [Figs. 4.8(e) and 4.8(f)]. It 
is found that, unlike the case of poling by tip bias, the effects of adsorbed 
water molecules to the poling by sample bias is much weaker, the KPFM 
measurements in Ar after 2 hours still show higher surface potential on the 
region poled by -10 V sample bias (corresponding to 10 V tip bias). This result 
suggests that during the KPFM measurements the effect of adsorbed water 
molecules on the poling by sample bias is very different from that of the tip 
bias. For tip bias poling, especially under the positive bias, the increase of the 
surface potential is mainly due to the environmental effect, whereas for the 
sample poled by the negative sample bias, the effect of environmental is less 
significant. The surface potential is still higher when being scanned in Ar 
environment. 
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4.4 Correlations between Nonvolatile Resistive Switching and 
Polarization Switching Behavior as well as the Charge Distribution 
in Undoped ZnO Films 
 
Fig.4.9 Correlation between c-AFM, KPFM and PFM images on undoped 
ZnO films deposited under 𝑃𝑂2  = 1.2×10
−4 Torr: (a) topography; (b) c-AFM 
current image, the scanning sample bias is 0.5 V over a 5×5 μm2 area after 
applying -10 V, 0 V, -10 V on the three adjacent areas of 3×1 μm2 (enclosed by 
red lines). The scan rate is 1 Hz. Yellow region indicates higher current and 
blue region indicates zero current; (c) the corresponding surface potential 
image on the same area obtained by KPFM measurement; out-of-plane PFM 
(d) phase and (e) amplitude images of the same area after the c-AFM 
measurement; in-plane PFM (f) phase and (g) amplitude images of the same 
area after the c-AFM measurement; and (h) the line profiles of the out-of plane 
PFM phase changes obtained from the line profile in Fig. 4.9(d). 
 
Following the KPFM measurements in air and argon with varied 
poling processes, the c-AFM, PFM and KPFM techniques are applied on the 
same location in order to study the correlation among the RS behavior and the 
polarization switching (PS) behavior and the local charge distribution. Figs. 
4.9(a) and 4.9(b) are the topography and current images obtained by c-AFM 
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technique (with sample bias). For this analysis, the sample surface is first 
poled by c-AFM with the sample biases of -10, 0 and 10 V on three adjacent 
areas of 3×1 μm2 (enclosed by red lines), followed by c-AFM scan over a 5×5 
μm2 area with the sample bias of 0.5 V and the scan rate of 1 Hz. The same 
area was then scanned by the KPFM mode. Fig. 4.9(b) shows that the region 
poled by -10 V sample bias has negligible current and hence it is in high 
resistance state (HRS, in blue). On the other hand, the region poled by 10 V 
sample bias is still at low resistance state (LRS), similar to that of the middle 
region (scanned with 0 V). Fig. 4.9(c) is the corresponding surface potential 
images obtained by KPFM technique on the same area as that in Fig. 4.9(b). 
The region poled -10 V sample bias exhibits higher surface potential (bright 
contrast). The higher surface potential region has been extended beyond the 
boundary of the poling (-10 V) into the nearby region (poled by 0 V and the 
un-poled region), however, there is no significant changes on the surface 
potential in the region poled by 10 V sample bias, which is consistent with the 
result shown in Fig. 4.8(e). Comparing Figs. 4.9(b) and 4.9(c), it is clear that 
the HRS region (poled by -10 V sample bias) shows high surface potential, 
however, there is no observable change on surface potential in the LRS region. 
As mentioned before, the measured charge distribution also includes the 
polarization charges. Hence, PFM measurement is then conducted on the same 
region in order to understand the function of the polarization charges during 
these processes. Figs. 4.9(d) and 4.9(e) are respectively the out-of-plane 
(vertical) PFM phase and amplitude images obtained on the same area after 
the c-AFM and KPFM measurements. It is clear that the PFM phase angle 
after poled by -10 V has switched from ~ 180o to approximately 0o in the HRS 
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region [Fig. 4.9(h), obtained from the line profile (red) in Fig. 4.9(d)]. The 
spontaneous polarizations are switched to the downward direction toward the 
bottom electrode. In addition, it is also noticed that the PFM amplitude has 
increased significantly at the same region [Fig. 4.9(e)]. Fig. 4.9(f) and 4.9(g) 
are the in-plane (lateral) PFM phase and amplitude images from the same area 
respectively. It is interesting to notice that, in the HRS region, both lateral 
PFM phase and amplitude are also significant different from those of the 
surround region. These results suggest that the region poled by -10 V sample 
bias has switched to HRS, at the same time, the same region also shows higher 
surface potential and clear ~180o out-of-plane polarization switching as well 
as ~20o in-plane polarization switching. However, for the regions poled by 
sample biases of 0 V or 10 V, there are no clear polarization reversals. This 
result unambiguously confirms that the polarization switching behavior is 
related to the resistive switching characteristics, and only HRS can show the 
polarization switching behavior in the un-doped ZnO thin films; this micro-
scale observation also confirms the previous findings on global scale reported 
by Herng and colleagues [23]. The polarization reversal can only be observed 
with an appropriate bias when ZnO is switched to HRS. In addition, it also 
suggests that the resistive switching process can change the piezoresponse 
characteristics.  




Fig.4.10 Correlation between c-AFM, KPFM and PFM images on ZnO films 
(𝑃𝑂2  = 1.6×10
−2 Torr): (a) topography; (b) c-AFM current image, the scanning 
sample bias is 0.5 V over a 5×5 μm2 area after applying -10 V, 0 V, -10 V on 
an adjacent three areas of 3×1 μm2 area (enclosed by red line). The scan rate is 
1 Hz. Yellow region indicates higher current and blue region indicates zero 
current; (c) the corresponding surface potential by KPFM technique on the 
same area as that in Fig. 4.10(b); (d) phase and (e) amplitude images of the 
same area after the c-AFM measurement; in-plane PFM (f) phase and (g) 
amplitude image of the same area after c-AFM measurement. 
 
The c-AFM, KPFM and PFM measurements are also conducted on the 
same location on the undoped ZnO film deposited under 𝑃𝑂2=1.6×10
-2 Torr. 
The poling processes are the same as before. The results are shown in Fig. 
4.10. It is clear that the region poled by -10 V sample bias has also been 
switched to HRS, and the surface potential is also higher than that in the other 
areas. In addition, the domains in this region are also switched to downward 
direction in relative to the bias direction. However, it is also obvious that those 
changes are not as significant as those in the undoped ZnO film deposited at 
𝑃𝑂2  =1.2×10
-4 Torr. Under the same condition, there are still some upward 
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domains at the surface, which have not been switched to downward direction. 
It is expected that the ZnO film deposited under higher oxygen partial pressure 
will have less amount of oxygen vacancies; therefore, the result reveals the 
oxygen vacancy plays an important role in the RS and polarization switching 
behavior in the ZnO film. Furthermore, the results also suggest that the ZnO 
film deposited under lower oxygen partial pressure can show the better 
resistive switching and polarization switching behaviors. 
 
4.5 Mechanisms of the Resistive Switching Behavior in Undoped ZnO 
Films 
 
Fig.4.11 The schematic energy band diagrams and the Schottky barriers for 
Pt-tip/ZnO-film/Pt-bottom-electrode system: (a) in an ideal thermal 
equilibrium condition without the spontaneous polarization in ZnO film and 
external applied field; (b) modified band diagram with most upward 
spontaneous polarization in as-grown ZnO film and no external applied field; 
(c) when poling with negative sample bias (e.g., -10 V), the polarization is 
switched to downward direction towards the bottom electrode; and (d) when 
poling with positive sample bias (e.g., 10 V), the polarization remains the 
same as that in the as-grown film. In all of the figures, wd indicates the width 
of the depletion region. 
 
The RS behavior may due to several reasons: First, under external 
electric field, the formation of depletion region due to the Schottky barriers at 
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the interfaces of Pt-tip/ZnO-film/Pt-bottom-electrode because of the different 
work functions of Pt and ZnO [69]. The measured work function difference 
between Pt coated tip and ZnO sample surface is around 0.79 V by using 
Ultraviolet Photoelectron Spectroscopy (UPS) and Kelvin Probe Force 
Microscopy (KPFM) techniques. Second, as the polarization may also affect 
or control the electronic conductance in ferroelectric materials [41, 151, 152]; 
when the film thickness is relatively thin, the uncompensated polarization 
would affect the Schottky barrier since this uncompensated polarization can 
lead to a built-in field, which may correspond to the order of a few MV/cm of 
the applied electric field and may increase the barrier’s height [152, 153], and 
this may turn the sample to HRS. A recent work by Maksymovych and 
colleagues has confirmed that Fowerlor-Nordheim tunneling conductance was 
significantly reduced when the polarization vector was antiparallel to the 
applied electric field and this could lead the sample to HRS [152]. On the 
other hand, the Schottky barrier height might be decreased and the sample was 
then switched to LRS as the screening charges from the Pt tip [152]. As can be 
seen from Fig. 4.3, the built in field in ZnO films caused by spontaneous 
polarization can be as large as 2.5 V, which is even larger than the contact 
potential difference due to the work function difference between Pt coated tip 
and ZnO sample surface. Finally, the surface states of the samples or other 
environment factors may also contribute to RS behavior as the experiment has 
been conducted in the ambient condition [151]. Based on these considerations, 
as well as the c-AFM, KPFM and PFM results, energy band diagrams are 
proposed here. Figs. 4.11(a)-4.11(d) are the schematic energy band diagrams 
as well as the changes of the Schottky barriers at Pt-tip/ZnO-film/Pt-bottom-
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electrode structure due to the work function difference, depolarization field 
caused by uncompensated polarization and the applied electric field. Fig. 
4.11(a) is the energy band diagram in an ideal thermal equilibrium state of the 
Pt-tip/ZnO-film/Pt-bottom-electrode structure without the spontaneous 
polarization in ZnO film and external electric field. The symmetrical depletion 
region is due to the band bending resulting from the different work functions 
at the Pt/ZnO interfaces. Fig. 4.11(b) is the modified energy band diagram 
with most upward spontaneous polarization in as-grown ZnO film and no 
external electric field. When ZnO film is deposited under deficient oxygen 
partial pressure, the bands will bend because of the positively charged oxygen 
vacancies and the released electrons by oxygen vacancies [120, 150]. As can 
been seen from Fig. 4.11(b), the released free electrons can compensate the 
positive polarization charges, +Qs, and hence the band is bended downward, 
which can reduce the Schottky barrier height. On the other hand, the negative 
polarization charges, -Qs, can be compensated by the positively charged 
oxygen vacancies. Hence the uncompensated polarization (PE) can lead to a 
built-in field, Ebi, which orientes from positive polarization charges towards 
negative polarization charges. The band can be bended upward and hence the 
depletion region is affected by the concentration of VO and the built-in field 
Ebi [152]. Fig. 4.11(c) is the energy band diagram when poling with negative 
sample bias which is larger than the negative coercive bias (e.g., -10 V) and 
the polarization is switched to downward direction toward the bottom 
electrode. Both the migration/formation of positively charged oxygen 
vacancies and the switched downward polarization toward the bottom 
electrode interface can increase the width of the depletion region. These two 
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factors together can switch the sample to HRS. In this case, the sample may 
behave similar to a capacitor. Hence, the positive charges can be stored in the 
sample. Fig. 4.11(d) is the energy band diagram in the structure when poling 
with positive sample bias (e.g., 10 V), and the polarization remains the same 
as that in the as-grown film. The forward bias at the Pt-bottom-electrode/ZnO 
interface may lead to Ohmic-like contact at this interface. In addition, there 
may be a large number of electrons injection at the Pt-tip/ZnO interface due to 
the reverse bias in this interface, this may screen the polarization effects, 
hence the polarization does not arouse a built in field antiparallel to the 
external electric field. Therefore, the sample is in LRS and the significant 
current can be observed in this region (positive sample bias poled).  
From these analyses, RS mechanism can be further proposed in this 
section. There are two possible sources of the surface charges in the KPFM 
measurement. The first is the migration/formation of the positively charged 
oxygen vacancies at the surface of the ZnO ﬁlm, and/or holes injection into the 
ZnO ﬁlm from the tip when the sample is under negative bias. Therefore, the 
surface potential measured by KPFM should increase. The second is that the 
negative charges in ZnO ﬁlm can be attracted to the tip/sample interface and 
the positive charges can be repelled from the tip/sample interface when the 
sample under negative sample bias [26]. In this case, the surface potential by 
KPFM should decrease. The results in this study have confirmed that after 
being poled by -10 V sample bias, the samples are switched to HRS and the 
domains are switched to downward direction [Fig. 4.9(b) and Fig. 4.9(d)]. If 
there is no screen effect by the surface charge, the surface potential should be 
lower than that from the un-poled region. However, the KPFM measurements 
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show the surface potential in this region is actually higher than that of the un-
poled region [Fig. 4.9(c)], hence the polarization charges are likely screened 
by the positive charges; and therefore the first source is most likely dominated. 
Furthermore, comparing with the c-AFM current image [Fig. 4.9(b)], it can be 
confirmed that oxygen vacancy migration/formation is dominant over the 
holes injection effect. Since the ZnO thin ﬁlm is in HRS within the negative 
poled region (poled by -10 V sample bias). If the effect of holes injection from 
tip is dominated, it should incur current ﬂow. On the contrary, the 
migration/formation of oxygen vacancies on the film surface, in which may be 
the centers for domains reversal, can also assist domain-switching process. In 
addition, as the downward polarization vector is antiparallel to the applied 
electric field and it can increase the Schottky barrier height, this can also 
switch the poled region to HRS [Fig. 4.11(c)]. Therefore, among the possible 
switching mechanisms, this oxygen-vacancy-related resistive switching can 
simultaneously satisfy the c-AFM, KPFM and PFM results. In the LRS, the 
electrons injection effect may be dominate. This is proved by the KPFM 
results showed in Fig. 4.8(a) as the surface potential value is lower than that of 
the un-poled region as well as by the abruptly current changes in Fig. 4.9(b). 
However, since there are no changes in the surface potential and polarization 
orientation when the sample is under 10 V sample bias, therefore the KPFM 
and PFM results in the regions poled by positive bias will not be discussed in 
further detail.  
 
4.6 Summary  
This chapter presents the c-AFM, PFM and KPFM studies on the same 
location of the undoped ZnO thin film after the sample has been switched to 
                                                                                         Chapter 4 
72 
 
high resistance state (HRS). The results have confirmed that the polarization 
switching is directly associated with the resistive switching behavior. It also 
proves that when the sample is in HRS, the polarization switching can occur 
and the material shows the capability of charge storage. Furthermore, the RS 
mechanisms in ZnO film are proposed in term of oxygen vacancy assisted-
switching and electronic conduction through the comparison of the PFM, 
KPFM and c-AFM results. It is confirmed that the migration/formation of 
oxygen vacancy is dominant over the holes injection effect in the region poled 
by negative sample bias. However, in the LRS region, the electrons injection 
effect is dominate since there is an abrupt change of current when the applied 
sample bias is larger than the set voltage. Furthermore, the results also confirm 
that the resistance switching behavior in ZnO thin films can be controlled by 
the oxygen partial pressure during the film deposition, the interfacial barriers 
at the bottom-electrode/sample and the tip/sample contact, as well as the 
uncompensated polarization in the sample. 
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CHAPTER 5 Polarization Switching in Copper Doped Zinc Oxide 
(ZnO:Cu) Thin Films  
 
Because the origin of the polarization switching behavior in ZnO based 
materials is under vociferous debate. The intrinsic defects, such as oxygen 
vacancy (VO) might also play an important role for the polarization switching 
property [23, 154]. The external factors, such as space charge or the presence 
of the moisture during the measurement may influence the polarization 
switching property as well [114-116]. Hence, it is very necessary to study the 
underlying mechanisms of the polarization switching behavior and the 
possible factors affect the polarization switching behavior before to correlate 
the resistive switching, polarization switching and surface potential in ZnO:Cu 
thin films. In this chapter, the understanding and controlling of polarization 
switching behavior under the biased-tip are studied by using various 
Piezoresponse force microscopy (PFM) techniques. The Band Excitation PFM 
(BE-PFM) is used to character the domain structure. The anomalous 
piezoresponse hysteresis loops and the built-in field are studied by 
piezoresponse force microscopy (PFS), Switching Spectroscopy PFM (SS-
PFM) technique and various DC poling processes. These results are discussed 
with proposed polar defects and/or injected charges hypothesize. As discussed 
in the previous chapter, the polarization switching behavior may be affected 
by oxygen partial pressure during the film deposition. It is well known that in 
ZnO:Cu films deposited in oxygen deficient air, there may be the existence of 
intrinsic defects, such as oxygen vacancies and Zn interstitials. In this chapter, 
to clarify the effects resulted from the intrinsic oxygen vacancy, we have 
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conducted PFS measurements on as-grown and air- or vacuum- annealed 
samples. Furthermore, the PFS measurements are also conducted in flowing 
argon/synthetic air environments to exclude the effects of oxygen or moisture. 
In addition, the correlation between the local polarization switching and 
copper concentration has also been studied. The corresponding mechanism for 
domain switching is discussed, which is hopefully useful for realizing 
polarization reversal and the application of ZnO:Cu as memories devices. To 
verify the polarization switching behavior is intrinsic property of the thin films, 
rather than from the SiO2 substrate, the PFS measurements have been also 
conducted on SiO2 wafer. In addition, to prove the PFS measurements can 
only detect saturated phase loop and butterfly-like amplitude loop from 
ferroelectric based materials, the same measurements have also been 
conducted on bulk Al2O3 sample, as Al2O3 is not ferroelectric material. The 
corresponding PFS results on SiO2 and Al2O3 can be found in Appendix B. 
 
5.1 Characterization of Domain Structure by BE-PFM Technique 
Firstly, the XRD characterization for ZnO:Cu thin films can be refer to 
previous studies [17]. The results confirmed that the ZnO:Cu samples have 
superior crystalline structure and the texture with c-axis oriented to the surface. 
The detailed results can be found in Appendix I. It also illustrated that the 
films of ZnO:Cu with Cu concentration above 11% have the presence of CuO 
phase. Fig. 5.1 shows the BE-PFM images of topography, phase, amplitude, 
resonant frequency and Q factor from [0001]-oriented ZnO:Cu (2 at.%) 
sample. Fig. 5.2 complementary shows the respective phase, amplitude, 
resonant frequency and Q factor images of the other ZnO:Cu (8 at.%) and 
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ZnO:Cu (12 at.%) samples. The topography image shows the grains are 
distributed uniformly and there are no obvious defects such as cracks or 
scratches [Fig. 5.1(a)]. The phase image [Fig. 5.1(b)] shows the distinct 
domains with phase angle contrast of around 180° (the phase angle of yellow-
color is around 80° and the phase angle of purple-color is around -100°). The 
sizes of these domains are approximately 20-200 nm. The domain walls are 
the regions located between the two domains with very low amplitude values 
(the darkest region), see Fig. 5.1(c).  It appears that the higher amplitude value 
corresponds to the domains with phase angle of around 80° and lower Q-factor 
[marked in Figs. 5.1(b), 5.1(c) and 5.1(e)]. However, there are no clear 
relationships between the resonant frequency with the grains or domains [Fig. 
5.1(d)].  Figs. 5.3(a) and 5.3(b) show the distributions of the phase and 
amplitude images. It is noticed that more domains are oriented with the 
upward direction with an increase of Cu concentration. In addition, the 
amplitude of images has been enhanced with increasing copper concentration 
up to 8 at.%. There is no further amplitude enhancement beyond copper 
concentration of 12 at.%. Such observation agrees well with our previous 
DART-PFM results that the polarization switching behavior of the ZnO can be 
enhanced via deterministic control of Cu concentration and its native defects 
[17]. The distributions of the resonant frequency and Q factor images are also 
shown in Figs. 5.3(c) and 5.3(d) respectively. It is observed that there is no 
obvious effect on the resonant frequency with increasing the Cu concentration, 
which implies that there is little change in the surface stiffness with the Cu 
doping. On the other hand, the Q factor analysis shows that the samples with 8 
at.% and 12 at.% ZnO:Cu samples have larger Q factor values than that of the 
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2 at.% ZnO:Cu sample; and this suggests there is less energy dissipation under 
the tip/sample interface when Cu concentration increases. 
 
Fig. 5.1 (a) topography, (b) phase, (c) amplitude, (d) resonant frequency and 
(e) Q-factor BE-PFM images of ZnO:Cu thin film (2 at.%, deposited 𝑃𝑂2 = 
2×10-4 Torr). All of the images have 256×256 data points within 1×1 µm2 
scanning area. 




Fig. 5.2 BE-PFM images for ZnO:Cu (8 at.%, 12 at.%, deposited 𝑃𝑂2 = 
2×10−4 Torr). All of the images have 256×256 data points within 1×1 µm2 
scanning area. The 1st column and 2nd column images illustrate the 
piezoelectric response for ZnO:Cu film with 8 at.% copper concentration, and 
ZnO:Cu film with 12 at.% copper concentration respectively. (a) and (b) phase 
images; (c) and (d) amplitude images; (e) and (f) Q-factor images; and (g) and 
(h) resonant frequency images. 
 




Fig. 5.3 Histogram illustration of BE-PFM images for ZnO:Cu (2 at.%, 8 at.%, 
12 at.%, deposited 𝑃𝑂2 = 2×10
-4 Torr). (a) phase distribution, (b) amplitude 
distribution, (c) resonant frequency distribution and (d) Q-factor distribution 
respectively. The y axis is the number of data points. VAC = 2 V and VDC 
varies from 15 V to 21 V with a step of 3 V. 
 
5.2 Polarization Switching Behavior and Abnormal Hysteresis Loops 
Confirmed by PFS, SS-PFM Technique and DC Poling Processes 
 
5.2.1 Confirmation of Abnormal Hysteresis Loops in ZnO:Cu Thin Film 
and the Window Bias Effects 
To study the polarization switching behavior, the PFS measurements with 
varied bias window are conducted at random locations of the ZnO:Cu sample 
(2 at.% ZnO:Cu, deposited at 𝑃𝑂2 = 2×10
-4 Torr). To obtain saturated loops, 
the bias windows are varies from 15 V to 21 V with a step of 3 V. With all of 
these bias windows, polarization reversals with 180o phase change can be 
achieved. Fig. 5.4(a) shows the amplitude “butterfly-like” loop and the phase 
hysteresis loop obtained by the PFS measurement with 21 V window bias. The 
piezoelectric hysteresis loops at various bias windows are calculated from the 
equation of PR(E) = A(E)*cos[ϕ(E)] [Fig. 5.4(b)]. It is obvious that both 𝐸𝑑 
and 𝑅0 values increase with increasing the bias windows. At the applied bias 
of 15 V, the PR hysteresis loop is un-symmetric along both the electric field 
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axis and the piezoresponse aixs. As the applied bias is increased to 18 V and 
21 V, the PR loop becomes more symmetric. The coercive bias can be 
deduced from the piezoelectric hysteresis loops via using the equation of 
𝑉𝑑 =  (�𝑉𝑝� + |𝑉𝑛|)/2. The calculated coercive bias is about 10 V. The shift of 
hysteresis loop may be the result of random-field defects [155, 156]. The 
offset of the hysteresis loop in the horizontal direction [indicating by red arrow 
in Fig. 5.4(b)] implies there is a built-in field regarding to injected carriers or 
polar defects [56, 59]. This built-in field favors the polarization in [0001] 
orientation, which can further induce an incomplete backswitching. The offset 
of the hysteresis loop in the vertical direction [indicating by blue arrows in Fig. 
5.4(b)] may be resulted from the incomplete backswitching and relate to the 
frozen layer in the thin film [33]. In addition, to study the built-in field in the 
film, the Switching Spectroscopy PFM (SS-PFM) technique [157] is also 
conducted on a matrix of 64×64 points by performing the PFS measurement 
on every point. The piezoelectric hysteresis loop is obtained for each point, 
and the corresponding imprint is deduced from each hysteresis loop, which 
can be used to construct a map. Fig. 5.5(a) shows the imprint image, i.e., the 
half built-in field image of a 64×64 matrix, from the SS-PFM measurement on 
the area of the 2×2 μm2 for the sample. Fig. 5.5(b) is the variation of the 
imprint. The average value from the imprint map is ~ 2.86 V for the entire area. 
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Fig. 5.4 (a) phase hysteresis loop and “butterfly-like” amplitude loop; (b) 
piezoelectric hysteresis loop, P(E) of ZnO:Cu film (2 at.%,  deposited 𝑃𝑂2 = 
2×10-4 Torr) by using the equation PR(E) = A(E)*cos[ϕ(E)]. 
 
 
Fig. 5.5 (a) imprint image by calculating the values of (�𝑉𝑝� − |𝑉𝑛|)/2 from the 
SS-PFM hysteresis loops on a grid of 64×64 for ZnO:Cu film (2 at.%,  
deposited 𝑃𝑂2 = 2×10
-4 Torr), in which 𝑉𝑝 and 𝑉𝑛 are the positive and negative 
coercive biases separately; and (b) the histogram of Fig. 5.5(a). 
 
5.2.2 Domain Switching by Point/area DC Poling Processes and the 
Hypothesis of Polar Defects for Built-in Field  
To visualize domain switching under the biased tip, DC voltages of ±15 
V are applied at different locations, and these DC voltages are larger than the 
coercive voltage of 10 V. The poling pulse duration is 60 s. The DART-PFM 
phase images are illustrated in Figs. 5.6(a)-5.6(c) and the schematic drawing 
of the dipole directions under the biases is shown in Fig. 5.6(d). Depsite of a 
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small drift between Figs. 5.6(a) and 5.6(b), most of the domains are switched 
to downward direction with the bias of 15 V [yellow color in Fig. 5.6(b)]. 
After sequently applying -15 V tip bias, the domains under the tip can be 
swithed to upward direction again [purple color in Fig. 5.6(c)]. The DART-
PFM amplitude images clearly show the nucleation of the new domain and the 
movement of domain walls during the switching processes [indicated by red 
arrows in Figs. 5.6(e)-5.6(g)]. In addition, the phase angle changes along the 
marked line in the phase images are plotted in Fig. 5.6(h). It is clear that the 
phase angles immdiately under the tip have changed by 180°. This confirms 
that the polarization reversals can be achieved by the poling processes under 
DC bias. In addition, it is interesting to notice that the energy dissipations are 
less in the domain wall regions as the Q factors are larger in these area [Fig. 
5.7(a)]. The poling process with 15 V tip bias sharply decreases the Q values 
[Fig. 5.7(b)]. Except the region just under the tip, the Q values in the whole 
scanned area are also decreased. On the other hand, when the area is scanned 
with tip bias of -15 V, the Q factor increases again to its initial value; however, 
the Q factors in the domain wall region are not recovered to the initial values 
[Fig. 5.7(c)]. In addition, after these poling processes, the resonant frequency 
of the whole scanned area is also increased [Figs. 5.7(d) and 5.7(e)]. These 
results suggest that the poling processes also affect the energy dissipation and 
the surface stiffness of the samples. 




Fig. 5.6 (a)-(c) phase images and (e)-(g) amplitude images under the point 
biased tip corresponding with the poling processes (0 V→15 V→-15 V) on 
ZnO:Cu film (2 at.%, deposited 𝑃𝑂2  = 2×10
-4 Torr); (d) schematic drawing of 
the point poling processes and (h) line profiles of the phase images. 
 
 
Fig. 5.7 DART-PFM Q-factor images and resonant frequency images under 
the point biased tip corresponding with the poling processes (0 V→15 V→-15 
V) on ZnO:Cu film (2 at.%,  deposited 𝑃𝑂2  = 2×10
-4 Torr). 
 
Furthermore, domain switching is studied by conducting a series poling 
processes on 0.5×0.5 μm2 area for the ZnO:Cu sample (2 at.% ZnO:Cu, 
deposited at 𝑃𝑂2 = 2×10
-4 Torr). Figs. 5.8(a)-5.8(d) show the amplitude images 
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and Figs. 5.8(e)-5.8(h) show the phase images respectively. Fig. 5.8(a) and 
5.8(e) are the amplitude and phase images of the as-grown sample, 
respectively. It can be seen that domains with ~180° phase contrast uniformly 
distributed in the scanned area before the poling process. When applying a tip 
bias of 15 V, only some upward domains are switched to downward direction, 
suggesting that 15 V is insufficient to cause a complete polarization reversal 
[Figs. 5.8(b) and 5.8(f)]. On the other hand, when applying a tip bias of -15 V, 
it clearly shows the increased piezoresponse in the amplitude image; and 
almost all domains under the scanning area are switched to the upward 
direction with the bias of -15 V [Figs. 5.8(c) and 5.8(g)]. To further confirm 
whether a larger positive bias is needed to completely switch domain to the 
downward direction, 18 V is used to bias the same area. As increasing the 
positive bias, more domains can be switched to the downward direction. 
However, some domains at certain locations still cannot be reversed [Fig. 
5.8(h)]. This observation agrees with the piezoresponse hysteresis loops in Fig. 
5.4(b). This result also provides strong evidence that there is a positive built-in 
field in the sample.  
It is known that the domain nucleation is affected by two factors: polar 
defects and/or injected charges [23, 56-61, 158]. The dipoles in ZnO:Cu thin 
films are formed by Zn–O polar pair or Cu-O polar pair [17, 78-80]. However, 
the co-existence of oxygen vacancy and zinc interstitial may result in polar 
defect dipoles [159, 160]. Hence, the oxygen vacancy and zinc interstitial are 
called polar defects. It is hypothesis that the polar defects dominate the 
domain nucleation and induce the imprint. In this case, when the tip is 
positively biased, the positively charged oxygen vacancies and negative 
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charged ions will be attracted to the tip/sample interface and the sample-
bottom electrode interface separately [Fig. 5.8(i)]. After removing the positive 
bias  
 
Fig. 5.8 (a)-(d) amplitude images and (e)-(h) phase images under the tip biased 
area corresponding with the poling processes (0 V→15 V→-15 V→18 V) on 
ZnO:Cu film (2 at.%,  deposited 𝑃𝑂2  = 2×10
-4 Torr); (i) schematic drawing of 
the hypothesis that polar defects dominate the domain nucleation and induce 
the imprint and (j) the hypothesis that injected charges dominate the domain 
nucleation and induce the imprint. 
 
and then applying the negative bias to the tip, the built-in field induced by the 
separated polar defects should be added to the applied electric field. In 
addition, the positively charged oxygen vacancies can lower the nucleation 
energy [23]. Therefore, local defects with the polarity opposite to the poling 
electric field will act as local nucleation centers and facilitate the nucleation of 
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the reversed domains. For the hypothesis that injected charges dominate the 
domain nucleation and induce the imprint, as there is a Schottky contact at the 
interface of the Pt coated tip/ZnO:Cu film, electrons can be injected to the 
tip/sample interface; holes can be injected to the bottom electrode/ZnO:Cu 
film interface [Fig. 5.8(j)]. In contrast to the first hypothesis, after removing 
the positive bias, the built-in field would against the applied negative bias and 
hinder the domain switching. The results showed here agree with the first 
hypothesis, i.e., under the applied 15 V, the induced built-in field is upward. 
After removing 15 V and then applying -15 V, the built-in field is in the same 
direction as the applied -15 V and will be benefited to the upward domain 
nucleation. 
 
5.3 Effects of Copper Concentration and Oxygen Partial Pressure on 
Polarization Switching Behavior by PFS Technique 
 
5.3.1 Effects of Copper Concentration on Polarization Switching Behavior 
The effects of Cu concentration on polarization switching behavior are 
studied on the undoped ZnO and ZnO:Cu samples with different copper 
concentrations (2 at.%, 8 at.%, 12 at.% ZnO:Cu) by using the PFS 
measurements. The performing of XPS spectra and X-ray absorption 
spectroscopy (XAS) on the investigation of Cu concentration and the valence 
state of Cu in ZnO were conducted by our collaborators [17, 20]. It is 
confirmed that Cu ions were in Zn ions sites. The ratio of Cu1+/Cu2+ is 
increased with the increasing Cu concentration. Fig. 5.9(a) shows the PR(E) 
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hysteresis loops and the average PR(E) hysteresis loop of eight random 
locations within a scanning area of 1×1 µm2 for ZnO:Cu sample (2 at.% 
ZnO:Cu, deposited at 𝑃𝑂2 = 2×10
-4 Torr). As discussed earlier, the hysteresis 
loops at certain locations are also slightly non-symmetric due to the random-
field defects. The calculated PR(E) hysteresis loops for all of the samples are 
shown in Fig. 5.9(b). The parameters from the hysteresis loop: namely Vp, Vn, 
𝐸𝑖𝑖 , 𝐸𝐷 , 𝑅0+,  𝑅0−,𝑅0 , and AS can be extracted as the function of the Cu 
concentration [Figs. 5.9(c) and 5.9(d)]. For all of the samples, EC increases 
with the Cu concentration. This may due to the Cu ions act as electron trappers; 
and hence more electrons can be injected into the samples with higher Cu 
concentration. To overcome the built-in field caused by injected charges, EC 
may increase with the Cu concentration. On the other hand, compared to that 
of the undoped ZnO, the sharply increased R0 in ZnO:Cu samples implies that 
the polarization switching behavior is enhanced; and this can be attributed by 
the permanent dipoles by replacing Zn with Cu. The large difference in ionic 
radii between the host Zn ions (0.74 Å) and the dopant Cu ions (0.72 Å) can 
increase the ionic bond, i.e., the Cu2+-O bonds ought to have a stronger 
polarity than Zn2+-O bonds; and the replace of Zn by Cu also alters the lattice 
structure, which subsequently results in an enhanced PS. At the same time, the 
increased AS in ZnO:Cu samples indicates that more energy is needed to 
switch the domains [161, 162]. In addition, 𝐸𝑖𝑖  also increases with the Cu 
concentration. The larger positive imprint bias can be favored to the upward 
domain structures, which agrees with the BE-PFM results [Fig. 5.1(a)].  
However, when the Cu concentration increases to the maximum of 12 at.%, it 
shows that the values of EC, 𝐸𝑖𝑖, R0, and AS  decrease. This may attribute to 
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the formation of the secondary phase of CuO in the samples with higher Cu 
concentrations [17, 137]. 
 
Fig. 5.9 (a) PR(E) hysteresis loops obtained at eight different locations  and 
the averaged PR hysteresis loop of these hysteresis loops obtained from 
ZnO:Cu film (2 at.%,  deposited 𝑃𝑂2  = 2×10
-4 Torr); (b) all of the averaged PR 
hysteresis loops from thin films with different copper concentration (0 at.%, 2 
at.%, 8 at.%, 12 at.%, deposited 𝑃𝑂2 = 2×10
-4 Torr); (c) and (d) positive 
coercive bias, Vp, negative coercive bias, Vn, imprint bias, Eim, coercive bias, 
Ec, positive remanent switchable piezoresponses 𝑅0+, negative remanent 
switchable piezoresponses 𝑅0−, remanent switchable piezoresponses, 𝑅0, and 
effective work of switching, 𝐴𝑠, plotted as a function of copper concentration. 
The VAC is 2 V; the VDC is 22 V for ZnO:Cu thin films with copper 
concentrations of 2 at.%, 8 at.%, 12 at.%; the VDC is 9 V for pure ZnO thin 
film. The error bar in Figs. 5.9(c) and 5.9(d) is approximately 10%. 
 
5.3.2 Effects of Oxygen Partial Pressure on Polarization Switching Behavior 
The effects of the oxygen partial pressure during the film deposition, 
𝑃𝑂2 , on polarization switching behavior are also studied for the ZnO:Cu 
samples (2 at.%, deposited at 𝑃𝑂2  = 2×10
-4 Torr and 𝑃𝑂2  = 1×10
-6 Torr, 
respectively). To obtain fully saturated phase loops [17, 20, 163], the bias 
window increases for the sample deposited under the higher oxygen partial 
pressure 𝑃𝑂2  (2×10
-4 Torr). Figs. 5.10(a) and 5.10(b) are the PFS measured 
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phase and amplitude loops of the ZnO:Cu (2 at. %) thin film sample deposited 
at 𝑃𝑂2  = 1×10
−6 Torr. In this measurement, PFS loops are obtained in eight 
random locations of each sample. The calculated piezoresponse hysteresis 
loop is shown in Fig. 5.10(c). By this way, the average piezoelectric hysteresis 
loops of eight random locations within a scanning area of 1×1 µm2 for both 
samples are shown in Fig. 5.11(a). It is clearly seen that that values of Vp, Vn, 
𝐸𝑑 , 𝑅0+,  𝑅0−,𝑅0 and AS decrease with decreasing oxygen partial pressure. In 
addition, Table 5.1 summarizes the 𝐸𝑖𝑖 for both samples. It is clear that the 
value of 𝐸𝑖𝑖  increases with the oxygen partial pressure during the film 
deposition. These results provide strong evidence that the 𝑃𝑂2  is an important 
factor in the polarization switching processes. It is known that the samples 
deposited at lower 𝑃𝑂2  contain more oxygen vacancies which can lower the 
activated energy for the polarization switching; hence the coercive bias and 
the work of switching decrease. 
 
Fig. 5.10 PFS measured (a) phase and (b) amplitude loops; (c) calculated 
piezoresponse hysteresis loops in eight random locations for ZnO:Cu (2 at.%)  
sample (𝑃𝑂2 = 1×10
−6 Torr), based on the equation of PR(E) = 
A(E)*cos[ϕ(E)], where A(E) is the amplitude at bias off state, ϕ(E) is the 
phase angle at bias off state. 
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In addition, this hypothesis of the oxygen vacancies assisted polarization 
reversal is further confirmed by conducting the PFS measurement on the air-
annealed and the vacumm-annealed samples (2 at.%, deposited at 𝑃𝑂2 = 1×10
-6 
Torr). For the air-annealed sample, it is obvious that there is no change of the 
phase angle even within the 40 V bias window [Fig. 5.11(b)]. The 
piezoresponse amplitude loops becomes almost linear with the bias. When the 
bias window is increased to 50 V [Fig. 5.11(c)], there is still no polarization 
switching but the film is electrically broken down [Fig. 5.11(d)]. However, for 
the vacumm annealed sample, it can be clearly observed the saturated phase 
loops with 180° phase angle change and the butterfly-like amplitude loops are 
also observed [Figs. 5.11(e) and 5.11(f)]. To study the native defects in the 
film and its optical properties, the photoluminescence (PL) measurement was 
conducted. All the samples possess the near band emission at 380 nm [Fig. 
5.11(g)], which is characteristic property of ZnO [164, 165]. The broad visible 
emission peak centered at 530 nm can be attributed to oxygen vacancies 
and/or doped Cu [166, 167]. It is noted that there is negligible change of near 
band edge intensity for annealed samples as compared to as-grown film. 
Surprisingly, the intensity of visible peak of vacuum annealed film has been 
enhanced significantly as compared to its as-grown and air-annealed 
counterparts. We have confirmed that the concentration of Cu remains the 
same after the air-annealing and vacuum-annealing [167]. The results clearly 
manifest that the increment of visible peak intensity is associated to the 
increment of oxygen vacancies density in the film after the vacuum-annealing 
process. Such observations are consistent with the previous report [167]. By 
putting all data together, these distinct PFS results give strong evidence that 
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oxygen vacancies play a crucial role in polarization reversal of ZnO:Cu films. 
The reduction of  the oxygen vacancies in the films makes the polarization 
reversal become difficult. Finally, to rule out the effects of moisture and 
oxygen from the ambient atomsphere, the PFS measurements are also 
conducted on the identical oxygen deficeint ZnO:Cu sample under the slow-
flowing synthetic-air environments and the argon environment [Fig. 5.11(h)]. 
It is found that the piezoresponses are significantly enhanced under the 
synthetic-air as well as in argon. The hysteresis loops are expanded with larger 
values of Vp, Vn, 𝐸𝑑, 𝑅0+,  𝑅0−,𝑅0 and AS. The results explicitly reveal that the 
polarization switching behavior is intrinsic property of the ZnO:Cu films. In 
addition, it should be noticed that, the built-in field is decreased either in 
synthetic air or Ar gas due to less effects of the screen charges caused by 
moisture [32]. On another hand, the absence of oxygen in the Ar results in a 
larger piezoresponse compared to that in synthetic air. In addition, regarding 
to the indirect double-exchange model mediated by VO and the enhancement 
of the saturated ferromagnetic moment [17, 20], it is necessary to mention that 
in the sample with more concentration (deposited at deficient oxygen partial 
pressure), the ratio of Cu1+/Cu2+ is enhanced, which will also increase the 
oxygen vacancy and influence the polarization switching behavior.  
 
 
Table 5.1 Summary of the 𝐸𝑖𝑖 determined from the piezoresponse hysteresis 
loops in eight different locations for ZnO:Cu (2 at.%) film samples deposited 
at 𝑃𝑂2  = 2×10
-4 Torr and 1×10-6 Torr, respectively. 
 




Fig. 5.11 (a) the averaged hysteresis loops, PR(E), obtained from ZnO:Cu (2 
at.%) film samples deposited at 𝑃𝑂2  = 2×10
-4 Torr and 1×10-6 Torr, respectively; 
(b) and (c) The phase and amplitude loops for air annealed ZnO:Cu film 
sample (2 at.%,  deposited at 𝑃𝑂2 = 1×10
-6 Torr), the VAC is 1 V and the VDC is 
40 V; (d) the topography image after the PFS measurement with VDC=50 V, 
showing the breakdown of the sample; (e) and (f) the phase and amplitude 
loops for vacumm condition annealed ZnO:Cu film sample (2 at.%,  deposited 
at 𝑃𝑂2 = 1×10
-6 Torr), the VAC is 1 V and the VDC is 10 V; (g) the PL spectra of 
the as-grown ZnO:Cu film (2 at.%, deposited at 𝑃𝑂2 = 1×10
-6 Torr), and films 
(2 at.%, deposited at 𝑃𝑂2 = 1×10
-6 Torr) which were annealed in air under 
atmospheric pressure and in vacuum under 1 x 10-5 mbar at 650 °C for 2 hours, 
respectively. and (h) the hysteresis loops, PR(E) for ZnO:Cu film sample (2 
at.%, deposited at 𝑃𝑂2 = 1×10
-6 Torr), obtained from the PFS measurement 
conducted in the ambient air and argon environments respectively. In these 
measurements, for the film with deposited at 𝑃𝑂2  = 2× 10
-4 Torr, VAC is 2 V 
and VDC is 22 V. For the film with deposited at 𝑃𝑂2  = 1×10
-6 Torr, VAC is 1 V 
and VDC is 10 V. 
 




To summarize, domain structures, contact stiffness and energy 
dissipation in ZnO:Cu films with different copper concentrations are 
characterized by BE-PFM technique and DC poling techniques. From the BE-
PFM results, within a certain extent of Cu concentration, more domains are 
found in upward direction with increasing the doped Cu concentration. The 
piezoresponse is increased as the copper concentration increases, whereas the 
energy dissipation is decreased with the increasing copper concentration. 
However, it appears that the surface stiffness has indirect relationship with the 
Cu concentration. The asymmetric polarization switching behavior has been 
confirmed by PFS technique and DC poling processes. Polar defects and 
incomplete backswitching may attribute to the asymmetric polarization 
switching behavior. This hypothesis is confirmed by conducting PFS 
measurements on air-annealed sample. The effects of Cu concentration and 
oxygen partial pressure during film deposition on polarization switching are 
studied by using the PFS technique. When the Cu concentration ranges from 0 
to 8 at.%, the polarization switching behavior is enhanced with increasing the 
Cu concentration attributed to the formation of more permanent dipoles by 
replacing Zn with increasing Cu. Due to formation of the secondary phase in 
ZnO:Cu film when the Cu concentration reaches to 12 at.%, the parameters 
from PFS measurement slightly decrease. The ferroelectric-like properties 
decrease with decreasing oxygen partial pressure during the film deposition. In 
addition, it is found that the polarization switching behavior can be 
significantly enhanced under argon environment. The results suggest that the 
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polarization switching behavior in the high resistance ZnO:Cu samples is 
intrinsic property of the materials. 
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CHAPTER 6 Resistive Switching, Polarization Switching and Surface 
Potential in Copper doped Zinc Oxide (ZnO:Cu) Thin Films  
 
This chapter will focus on the fundamental understanding of the 
governing mechanisms of RS and PS behavior, as well as the effects of defect 
engineering in copper doped ZnO (ZnO:Cu) thin films. Their correlations are 
studied by using various Scanning Probe Microscopy (SPM) techniques. The 
effects of the oxygen partial pressure (𝑃𝑂2 ) during film deposition and the 
dopant (Cu) concentration are studied. First, the bipolar RS behavior is studied 
by using point I-V (current-voltage) curve measurement and the “set and reset” 
experiments at a fixed area with variation of the applied voltages. Next, 
polarization reversal and stable charge storage in the sample with higher Cu 
concentration are studied by using the vertical and lateral Piezoresponse Force 
Microscopy (PFM) technique. Furthermore, the Kelvin Prove Force 
Microcopy measurements are also conducted to explore the mechanisms of RS 
behavior with the static charge distributions. Lastly, possible underlying 
mechanisms are proposed.  
  
6.1 Resistive Switching Behavior in ZnO:Cu Films  
 
6.1.1 Bipolar RS Behavior Studied by Using Point I-V Curves Measurement  
Firstly, the X-ray diffraction (XRD) results confirmed the superior 
crystallized and well textured with c-axis orientation of ZnO:Cu samples can 
be referred to the previous studies [17, 69]. By using the c-AFM technique, the 
RS characteristics in the ZnO:Cu samples are first confirmed. For the ZnO:Cu 
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samples deposited under oxygen partial pressure of 𝑃𝑂2  = 2×10
−4 Torr, the 
current is negligible within the limits of the applied bias (±10 V) of the c-AFM 
measurements due to the high resistances of the Cu doped ZnO samples. For 
the samples (2 at.% and 8 at.% Cu) deposited under oxygen partial pressure of 
𝑃𝑂2 = 1×10
−6 Torr, it is found that the bipolar resistance switching phenomena 
are consistent with that reported for the undoped ZnO samples [23], i.e., the 
resistance states can be switched by the external electric field: the high 
resistance state (HRS) can be switched to low resistance state (LRS) at certain 
voltage, which is called “set” process and there is a forward current in this 
case; and vice versa, the low resistance state (LRS) can be switched to high 
resistance state (HRS) at another voltage, which is called “reset” process and 
there is a negligible current. Fig. 6.1 shows the results of the local point I-V 
curve measurements without a forming process. It is found that both “set” and 
“reset” voltages are increased with the copper concentration. It is also noticed 
that the values of the “set” voltage are fluctuated more for the ZnO:Cu (2 at.%) 
thin film sample [Fig. 6.1(b)] compared with that of the ZnO:Cu (8 at.%) thin 
film sample [Fig. 6.1(a)]. However, it should be mentioned that, for the 
ZnO:Cu (8 at.%)  thin film sample, the currents are continuously shifted with 
voltage for both the “set” and “reset” parts of the I-V curve [shown by the 
inset of Fig. 6.1(a)]. The shift of the current in the “set” part of the I-V curve is 
more significant than that in the “reset” part of the I-V curve, and this 
indicates that the internal electric field exists and the space charges are non-
uniformly distributed in the ZnO:Cu (8 at.%) thin film sample [168].  




Fig. 6.1 Local I-V curves measurements on (a) ZnO:Cu (2 at.%)  and (b) 
ZnO:Cu (8 at.%)  samples deposited under oxygen partial pressure of 𝑃𝑂2 = 
1×10−6 Torr. The insert shows the shift of the current values at “set” and “reset” 
processes of the I-V curve for  ZnO:Cu (8 at.%)  sample. 
 
6.1.2 Mechanisms Underlying the Nonlinear I-V Curves  
Generally-speaking, the mechanisms underlying the nonlinear I-V 
curves can be analyzed by Poole-Frenkel (PF) emission, or Schottky emission, 
or space-charge-limited current (SCLC), or combination of these [84, 118, 
168]. In this study, the Fowler-Nordheim quantum tunneling can also be ruled 
out as the thickness of ZnO:Cu thin film is about 240 nm and the electric field 
within the film can be as high as 4.2×107 V/m [168, 169]. To further analyze I-
V behavior of the ZnO:Cu samples, the I-V curves are re-plotted in the forms 
of logI-logV, In(I/V)-V1/2 and InI-V1/2, in addition, the slope of logI-logV 
curve, δlogI/δlogV, is also plotted [Fig. 6.2 and Fig. 6.3]. It is found that the 
slope of the logI-logV curve is ~2.5 in the bias range of 0 to 2 V, this may 
suggest that the conduction behavior is dominated by SCLC in this biased 
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region and the migration and/or formation of oxygen vacancy may be the 
dominate factors. In the region of 2 V to 10 V, the Schottky emissions may 
dominate as the In(I/V)-V1/2 curve is linear and the δlogI-δlogV curve is 
nonlinear [Fig. 6.2(d)]. In the “reset” part of the curve, the region within -3 V 
to -10 V is also dominated by Schottky emissions [Fig. 6.3(d)].  
 
Fig. 6.2 “Set” part of the I-V curves plotted in the format of (a) In(I/V)-V1/2, (b) 
InI- V1/2 and (c) logI-logV; and (d) analyzing the slope of logI-logV curve, i.e. 
δlogI - δlogV for ZnO:Cu (8 at.%) sample. 
 




Fig. 6.3 “Reset” part of the I-V curve plotted in the format of (a) In(I/V)-V1/2, 
(b) InI- V1/2 and (c) logI-logV; and (d) analyzing the slope of logI-logV curve, 
i.e., δlogI - δlogV for ZnO:Cu (8 at.%) sample. 
 
6.1.3 Bipolar RS Behavior Studied by Using “Set/Reset” Experiments at a 
Fixed Area  
As the retention and the reliability of devices are crucial issues for the 
nonvolatile memory applications, the “set and reset” experiments at a fixed 
area with variation of the applied voltages are also conducted. Fig. 6.4 shows 
the c-AFM current images and the average I-V curves determined from the 
current value over the area as the function of the cyclic voltages for ZnO:Cu (2 
at.%) ample. The c-AFM current images and the average I-V curves for the 
ZnO:Cu (8 at.%) sample are shown in Fig. 6.5. These results confirm the 
bipolar resistive switching behavior in both samples, nevertheless there is a 
big difference between the set and reset voltage obtained from the I-V curves 
from a single point and those obtained from average I-V curves of a fixed area 
due to the conductivity disperse in an area. It is also found that the current at 
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“set” voltage, Iset, decreases with increasing the copper concentration (6.5 nA 
for 2% ZnO:Cu sample and 3.0 nA for 8%  ZnO:Cu sample). On the other 
hand, both “set” and “reset” voltages are also increased to ~ 9 V for 8% 
ZnO:Cu sample. The increased set or reset voltage with the copper 
concentration may due to the introduced Cu impurities, which can play as 
deep acceptor and increase the resistivity [126]. 
 
Fig. 6.4 (a)-(f) current images under a voltage sweep (0 V→10 V→                  
-10 V→10 V) on 1×1 μm2 area of  ZnO:Cu (2 at.%) sample (𝑃𝑂2 = 1×10
−6 
Torr); and (g) average current as a function of applied voltage (I-V) curve. 
 
 




Fig. 6.5 (a)-(f) current images under a cyclic poling voltage (0 V → 10 V →    
-10 V → 10 V) sweep on 1×1 μm2 area of ZnO:Cu (8 at.%) sample (𝑃𝑂2 = 
1×10−6 Torr); and (g) average current as a function of applied voltage (I-V) 
curve. 
 
6.1.4 Effect of Electroforming on the Area RS and the Resistance 
Relaxation Process  
After confirming the local RS behavior in the ZnO:Cu thin film 
samples, the effect of electroforming on the area RS and the resistance 
relaxation process are studied. As can be seen from Fig. 6.4 and Fig. 6.5, 10 V 
or -10 V can set or reset both samples to LRS or HRS, so 10 V or -10 V is 
used in subsequent studies. In this study, first, an area of 5×5 μm2 is biased by 
-10 V sample bias either with or without electroforming process, the results 
show that this biased region is switched to HRS under -10 V bias, and the 
current image is similar to that shown in the Fig. 6.4(c) and Fig. 6.5(c). After 
the center 5×5 μm2 biased with -10 V, 1 V sample bias was used to scan a 
larger 10×10 μm2 area of the samples [Figs. 6.6(a) and 6.6(b)]. It is 
surprisingly found that, for both 2% and 8% ZnO:Cu samples, the HRS cannot 
be maintained and is switched back to LRS after removing the bias of -10 V 
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[Fig. 6.6 and Fig. 6.7]. It shows more conductive in the area after being biased 
by -10 V compared to the un-biased area. In addition, it well explains there is 
little polarization reversal in this region [Figs. 6.6(c) and 6.6(d)]. This 
observation is different from that observed in the undoped ZnO samples 
whereas the HRS is maintained even after the bias is removed [23]. Hence, it 
is necessary to investigate why the HRS cannot be maintained in the ZnO:Cu 
samples.  
 
Fig. 6.6 Current images scanned with 1 V sample bias on a 10×10 μm2 after    
-10 V sample bias poled on the central 5×5 μm2 area (a) with or (b) without 
electroforming process for ZnO:Cu (2 at.%) sample; the V-PFM (c) amplitude 
and (d) phase images obtained after c-AFM measurement for ZnO:Cu (2 at.%) 
sample. 
 




Fig. 6.7 Current image scanned with 1V sample bias on a 10×10 μm2 after           
-10 V sample bias poled on the central 5×5 μm2 area with electroforming 
process ZnO:Cu (8 at.%) sample. 
 
To understand HRS relaxation, the influences of scan number and the 
scan rate are studied. In the study of scan number effects, -10 V sample bias is 
used to scan the area of 5×5 μm2 by c-AFM for 3 times in the 2% ZnO:Cu 
sample. Then, a 10×10 μm2 area, which includes this 5×5 μm2 area, is scanned 
by c-AFM with a series of DC sample biases of 0.1 V, 1 V, 2 V, 3 V, 4 V, and 
5 V. It is observed that there is no current in the c-AFM image until 6V DC 
bias is applied. This implies that the 5×5 μm2 area biased with -10 V can retain 
in HRS with a readout voltage less than 6 V [Figs. 6.8(a) and 6.8(b)]. When 
the bias is higher than this value, such as 7 V, the HRS is switched back to 








Fig. 6.8 Current images scanned by (a) 5 V, (b) 6 V and (c) 7 V DC biases on 
a 10×10 μm2 area after 3 times scanning by -10 V bias on the central of 5×5 
μm2 area for ZnO:Cu (2 at.%) sample. The scan rate is 1 Hz. 
 
Next, since the number of scan can affect the maintainability of the 
HRS, the scan rate may also have the similar effect. Therefore, a new 5×5 μm2 
area on 2% ZnO:Cu sample is scanned by c-AFM with -10 V sample bias and 
0.3 Hz scan rate, this is followed by the c-AFM scanning of the same area 
with sample DC biases of 0.1 V, 1 V, 2 V, 3 V, and 4 V. It is found that the c-
AFM image shows negligible current [Fig. 6.9(a)] until the sample DC bias 
reaches to 5 V or 6 V [Figs. 6.9(b) and 6.9(c)]. PFM images are then taken 
after the c-AFM scanning on the same location. It is found that, there are more 
polarizations in the upward direction with the slower scanning rate of 0.3 Hz 
than that of the faster scanning rate of 1 Hz by comparing the histograms of 
the biased 5×5 μm2 areas in Figs. 6.6(d) and 6.6(e) [Fig. 6.8(f)]. The effect of 
the scan rate on the holding of the HRS can also be observed in the ZnO:Cu (8 
at.%) sample (Fig. 6.10). These results suggest that to maintain the HRS, 
slower scanning rate or longer scanning time (or the number of scan) are 
needed for the ZnO:Cu samples, this is probably due to the higher resistivity in 
the ZnO:Cu samples comparing with that of the undoped ZnO film samples. 




Fig. 6.9 Current images scanned by (a) 4 V, (b) 5 V and (c) 6 V DC bias on a 
10×10 μm2 area after scanning with -10 V sample bias and 0.3 Hz scan rate on 
the central of 5×5 μm2 area; the V-PFM (d) amplitude and (e) phase images 
obtained after c-AFM measurement on the ZnO:Cu (2 at.%) sample; (f) the 
histograms of the 5×5 μm2 areas in Fig. 6.6(d) and Fig. 6.9(e). 
 
 
Fig. 6.10 Current images scanned by (a) 4 V, (b) 5 V and (c) 6 V DC bias on a 
10×10 μm2 area after scanning with -10 V sample bias and 0.3 Hz scan rate on 
the central 5×5 μm2 area; the V-PFM (d) amplitude and (e) phase images 
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6.2 Correlations between Resistive Switching and Polarization 
Switching Behavior as well as the Charge Distribution in ZnO:Cu 
Films 
 
6.2.1 Correlations between Rresistive Switching and Polarization Switching 
Behavior as well as the Charge Distribution after “Out-in” Poling 
Processes in ZnO:Cu Films 
After the confirmation of the RS behavior and determining the 
important factors affecting it, the relationships among RS, polarization 
switching and surface potential in the ZnO:Cu samples are investigated. 
Regarding to 10 V/-10 V can set/reset both samples to LRS/HRS [Fig. 6.4 and 
Fig. 6.5] and can reverse the polarization in the previous study [17]. Poling 
processes with 10 V/-10 V are also used in this section. Fig. 6.11 and Fig. 6.12 
show the corresponding c-AFM, KPFM and V-PFM/L-PFM images for 
ZnO:Cu (2 at.%) and ZnO:Cu (8 at.%) sample respectively after the -10 V/10 
V (out-in) poling processes. The current images show that, for both samples, 
the un-biased region has moderate conductivity, whereas the region biased by 
10 V has almost no current (HRS) and the region biased by -10 V shows high 
conductivity (LRS) [Fig. 6.11(a) and Fig. 6.12(a)]. It is also noticed that the 
magnitude of the current at LRS is decreased as the copper concentration 
increases from 2% to 8%. Fig. 6.11(b) and Fig. 6.12(b) are the surface 
potential images obtained after two times grounded tip scanning (which is 
used to remove the surface charge); in order to quantitatively compare the 
KPFM results from different samples, the surface potential value of the 
unbiased region is reset to zero as in the previous studies [37, 43, 69]. It is 
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found that, comparing with that of the un-poled region, the area poled by  -10 
V sample bias shows higher surface potential whereas the area poled by 10 V 
sample bias shows lower surface potential. However, it is also noted that the 
surface potential in the -10 V poled area for ZnO:Cu (2 at.%) sample is 
actually lower than that of the ZnO:Cu (8 at.%) sample. These results suggest 
that the ZnO:Cu (8 at.%)  sample (deposited at 𝑃𝑂2 = 1×10−6 Torr) may have a 
better charge storage behavior, which is consistent with that reported in the 
previous study [43]. Fig. 6.11(c) and Fig. 6.12(c) are the V-PFM phase images 
of the ZnO:Cu (2 at.% and 8 at.%) samples. From the histogram of phase 
images [Fig. 6.12(g)], domains with phase angle contrast of around 180° are 
observed, and the numbers of domains are at the phase angle of about -45°, 
other domains are around at the phase angle of about 135°. It is obvious that 
most of domains in the region poled by 10 V bias (green square: 2.5×2.5 μm2) 
are switched to upward direction toward to the sample surface, and at the same 
time, this region is in the HRS. On the other hand, it is also noticed that when 
the region is biased with -10 V bias (red square: 5×5 μm2), most of domains in 
this region are in downward direction toward to the bottom electrode, and the 
region is in the LRS. This suggests that the LRS region is associated with the 
domains in the downward direction. Fig. 6.12(g) shows that the numbers of 
domains at the phase angle of ~ -45° are more in the ZnO:Cu (8 at.%) sample, 
indicating more domains in the downward direction in this sample. These 
corresponding polarization reversals are also observed in the V-PFM 
amplitude images and L-PFM images [Figs. 6.12(d)-6.12(f)].  




Fig. 6.11 Correlations between the RS, polarization switching and surface 
potential in ZnO:Cu (2 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 V/10 V (out-
in) poling processes. A smaller DC sample bias of 1 V is applied to scan a 
10×10 μm2 area after applying -10 V on the middle of 5×5 μm2 area (red 
square) and sequentially poling by 10 V on a central 2.5×2.5 μm2 area (green 
square). The scan rate is 1 Hz. (a) current image measured by c-AFM under 
sample bias; (b) the corresponding surface potential image measured by 
KPFM measurement under tip bias; (c) and (d) the corresponding vertical 
PFM phase and amplitude images under tip bias; and (e) and (f) the 
corresponding lateral PFM phase and amplitude images under tip bias. All of 
the images are obtained on the same location. 
 
 




Fig. 6.12 Correlations between the RS, polarization switching and surface 
potential in ZnO:Cu (8 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 V/10 V (out-
in) poling processes. A smaller DC sample bias of 1 V is applied to scan a 
10×10 μm2 area after applying -10 V on the middle of 5×5 μm2 area (red 
square) and sequentially poling by 10 V on a central 2.5×2.5 μm2 area (green 
square). The scan rate is 1 Hz. (a) current image measured by c-AFM under 
sample bias; (b) the corresponding surface potential image measured by 
KPFM measurement under tip bias; (c) and (d) the corresponding vertical 
PFM phase image under tip bias; and (e) and (f) the corresponding lateral 
PFM phase and amplitude images under tip bias. All of the images are 
obtained on the same location; (g) the histograms of the 5×5 μm2 areas 
(subjected to -10 V) in the Fig. 6.11(c) and Fig. 6.12(c), and schematic 
drawing of the polarization reversal by 10 V/-10 V sample voltage. 
 
6.2.2 Correlations between Rresistive Switching and Polarization Switching 
Behavior as well as the Charge Distribution after “Up-down” Poling 
Processes in ZnO:Cu Films 
The correlations among the RS, polarization switching and surface 
potential in ZnO:Cu (2 at.%) sample are further confirmed by conducting 10 
V/0 V/-10 V (up-down) poling processes (Fig. 6.13). The current images show 
that, when the bias is applied to the ZnO:Cu (2 at.%) sample, the area poled by 
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-10 V bias is switched to HRS but is re-switched back to LRS when the bias is 
removed. On the other hand, the area poled by 10 V is switched to LRS and 
re-switched to HRS after removing the external electric field [Fig. 6.13(a)]. 
The changes in the surface potential are also consistent with those after the 
“out-in” (-10 V/10 V) poling processes. Furthermore, the charges in the LRS 
region are mainly screen charges and can be more easily removed by grounded 
tip scanning [Fig. 6.13(b)]. Only few domains in the HRS region have 
switched to the downward direction and it seems there is no domain switching 
in the LRS region for the ZnO:Cu (2 at.%) samples [Fig. 6.13(c)]. This can be 
clearly seen from Fig. 6.14, which shows the histogram plots of the phase 
image [Fig. 6.13(c)] of the areas poled by (a) 10 V, (b) -10 V and (c) the 
unbiased area, respectively. It is obvious that there are more phases with the 
angle higher than 150° in the area poled by 10 V sample voltage [Fig. 6.14(a)], 
i.e., there are more upward domains in the area poled by positive bias. 
However, the ratio between the number of downward domains (phase angle ~ 
0°) and the numbers of upward domains (phase angle higher than 150°) in the 
area poled by -10 V sample bias (LRS) [Fig. 6.14(b)] is 2.22, which is larger 
than the value of 1.67 from the unbiased area [Fig. 6.14(c)], therefore more 
domains are in the downward direction (phase angle ~ 0o) in the area poled by 








Fig. 6.13 Correlations between the RS, polarization switching and charge 
distribution in ZnO:Cu (2 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 V/0 V/10 
V (bottom-top) poling processes. A smaller DC sample bias of 1 V was 
applied to scan a 6×6 μm2 area after applying -10 V/0 V/10 V on the three 
adjacent areas of 3×1 μm2 (enclosed by red lines).  The scan rate is 1 Hz: (a) 
current image measured by c-AFM under sample bias; (b) the corresponding 
surface potential image measured by KPFM measurement under tip bias; (c) 
the corresponding vertical PFM phase image by tip bias. All of the images are 
obtained from the same location. 
 
 
Fig. 6.14 Histograms of the phase image [Fig. 6.13(c)]: (a) the area (3×1 μm2) 
poled by 10 V, and schematic drawing of the polarization reversal by 10 V sample voltage; (b) the area (3×1 μm2) poled by -10 V, and schematic 
drawing of the polarization reversal by -10 V sample voltage; and (c) the 
unbiased area, respectively. 
 
The corresponding results of poling ZnO:Cu (8 at.%) sample by the 
same “up-down” poling processes are shown in Fig. 6.15. The resistive 
switching behavior and surface potential distribution are similar to these in the 
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ZnO:Cu (2 at.%) sample [Fig. 6.15(a) and Fig. 6.15(b)]. However, the phase 
image of the ZnO:Cu (8 at.%) thin film shows that the domain switching 
occurs on both HRS and LRS [Fig. 6.15(c)]. This can also be seen from the 
histogram plots of the phase image [Fig. 6.15(c)] of the areas poled by 10 V, -
10 V and the unbiased area, respectively [Fig. 6.16]. It shows that the number 
of phase angle higher than 150o (upward domains) is slightly more than the 
number of phase angle around 0o (downward domains) in the area poled by 10 
V sample bias [Fig. 6.16(a)]. However, the peak for phase angle > 150o 
(upward domains) in the area poled by -10 V sample bias (LRS) disappears 
[Fig. 6.16(b)] comparing to that of the unbiased area [Fig. 6.16(c)], and this 
indicates that almost all upward domain switched to the downward direction. 
This shows for ZnO:Cu thin film, as increasing the copper concentration, 
domains can be switched even in the LRS region, and this is significantly 
different from that in the undoped ZnO film, in which the domain switching is 
only observed in the HRS region [23]. However, it is also found that the 
switched domains cannot be maintained for long time in the LRS, the domains 
are switched back after certain period of time (14 hours in this study) (Fig. 
6.17). 
 
Fig. 6.15 Correlations between the RS, PS behaviors and charge distribution 
study in ZnO:Cu (8 at.%) sample (𝑃𝑂2 = 1×10
−6 Torr) by -10 V/0 V/10 V 
(bottom-top) poling processes. A smaller DC sample bias of 1 V was applied 
to scan a 6×6 μm2 area after applying -10 V/0 V/10 V on the three adjacent 
areas of 3×1 μm2 (enclosed by red lines). The scan rate is 1Hz: (a) current 
image measured by c-AFM under sample bias; (b) the corresponding surface 
potential image measured by KPFM measurement under tip bias; (c) V-PFM 
phase image by tip bias. All of the images are obtained from the same location. 




Fig. 6.16 Histograms of the phase image [Fig. 6.15(c)]  of (a) the area (3×1 
μm2) poled by 10 V; (b) the area (3×1 μm2) poled by -10 V and (c) the 
unbiased area, respectively. 
 
 
Fig. 6.17 The V-PFM (a) phase and (b) amplitude images obtained just after 
the “out-in” poling process, in which -10 V was used to scan the middle of 
5×5 μm2 area (red square) and sequentially 10 V was used to scan the central 
2.5×2.5 μm2 area (green square). The scan rate is 1 Hz. The V-PFM (c) 
amplitude and (d) phase images obtained 14 hours later after the “out-in” 
poling process on the ZnO:Cu (8 at.%) sample. 
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6.3 Mechanisms underlying the RS Behavior 
The KPFM results show that, when ZnO:Cu thin films are poled under 
-10 V or 10 V sample bias, the surface potential is either positive or negative 
depending on the polarity of the bias, this suggests the injection charge limit 
current (ICLC) (i.e., hole injection/electrons injection) may dominate the RS 
behavior [Fig. 6.11(b) and Fig. 6.12(b)]. This also corresponds to the Schottky 
emissions dominated I-V curves under -10 V or 10 V. This mechanism is also 
supported by the mechanism of the possible changes of the Schottky barrier 
height at the Pt/ZnO:Cu interfaces under the electric field. First, the 
Pt/ZnO:Cu interface is the Schottky contact because of the differences 
between the work functions of Pt and ZnO:Cu sample [69]. Next, it is known 
that the copper ions are on the Zn2+ sites [17], resulted in the formation of the 
trapping states and shifts the Fermi level toward the valence band, hence 
reduces the conductivity of the film [43]. In addition, it is also known that 
oxygen vacancies can act as donors that can release electrons to neutralize the 
positive charge bound by domains or annihilate with holes introduced by the 
copper ions to bend the conduction band downward [41, 148, 151, 170]. This 
downward bended band structure can further augment work function 
difference, which may increase the barrier height of the Schottky contact. 
Furthermore, the polarization is incompletely screened by free charges and it 
can result in a built-in field, Ebi [151], which may contribute to depletion 
region in the metal/thin film interface [151, 171]. This has been studied in 
detail by PFS measurements in Chapter 5, in which proves that the built-in 
field is positive and increased with the copper concentration and the oxygen 
partial pressure during the film deposition. These results also explain the 
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increased Vset and Vreset values with increasing the copper concentration. Since 
the built-in fields are positive, its direction is from the substrate to the SPM tip 
and this favors the polarization direction of [0001], which is consistent with 
the upward polarization orientation. As showed in the Fig. 6.11(c) and Fig. 
6.12(c), the un-biased region has the phase angle of approximately 180o, 
especially for ZnO:Cu ( 8 at.%) sample, this indicates that the majority of the 
domains are in the upward direction (yellow color); under the -10 V sample 
bias, the domains are switched to approximately 0o (in purple color); and 
under the 10 V sample bias, the domain is switched to about 180o again 
(yellow color). This domain favorite direction has been also reported for other 
materials, such as PZT and BTO [153, 171]. Hence when the external field is 
applied along the [0001] polarization direction, i.e., under the positive sample 
bias, there is a forward current. This effect of uncompensated polarization on 
the resistive switching behavior is also consistent with those in undoped ZnO 
thin films discussed in Section 4.5. 
 
6.4 Summary 
This chapter has reported the resistive switching, polarization 
switching and surface potential in ZnO:Cu thin films. The results show that 
bipolar resistance switching behavior is observed in the ZnO:Cu thin film 
samples by using the local point I-V curves measurements and area poling by 
using positive/negative biases poling processes. With increasing the copper 
concentration, the variation of the “set” voltage becomes smaller although the 
values of Vset and Vreset increase. The charge storage and polarization reversal 
properties are also observed by defects engineering through doping more 
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copper. In addition, depending on the scanning rate or the number of scanning 
during the polarization processes, the HRS and the LRS can be either 
maintained or re-switched back to the opposite states in the ZnO:Cu samples 
after removing external electric field. This is different from what observed in 
the undoped ZnO samples whereas the HRS was maintained even after 
removing the bias. The mechanism behind the RS behavior is also discussed. 
The results suggest that both copper and oxygen vacancy can tune the band 
structure and the polarization switching behavior. The resistive switching 
behavior is affected by the existence of depolarization field in the films. 
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CHAPTER 7 Resistive Switching and Polarization Reversal of 
Hydrothermal Method Grown Undoped Zinc Oxide Nanoplates  
 
This chapter discusses the resistive switching, polarization reversal and 
piezoelectric properties of the individual hexagonal ZnO nanoplates, which are 
grown in textured [0001] orientation by hydrothermal method. The studies are 
conducted with conductive atomic force microscopy (c-AFM) and 
piezoresponse force microscopy (PFM) techniques. Furthermore, In order to 
investigate the effects of moisture and oxygen in the environment on the 
polarization switching behavior of nanoplates, the piezoresponse force 
spectroscopy (PFS) experiments are conducted in ambient air, synthetic air 
and Ar gas. In addition, the effects of oxygen vacancy in the nanoplates on the 
resistive switching behavior and the polarization switching behavior of 
nanoplates have also been investigated by conducting the c-AFM and the PFS 
techniques on the as-grown, air annealed and vacuum annealed nanoplate 
samples. In addition, the correlation between the resistance switching and the 
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7.1 Topography and Crystal Structure 
 
Fig. 7.1 (a) and (b) topography images obtained by SEM and AFM, 
respectively; (c) the line profile of AFM topography image in Fig. 7.1(b); and 
(d) topography images of central 0.5×0.5 μm2 in the nanoplate showing in Fig. 
7.1(b). 
 
Fig. 7.1(a) is the topography image obtained by SEM. It clearly shows 
that the hexagonal ZnO nanoplates nucleate and grow at random locations on 
the substrate. Generally speaking the hexagonal unit cell of the nanoplates 
consists of six nonpolar faces ( )10 10 , capped by either the polar O2--
terminated ( )000 1 or Zn2+-terminated ( )0001 basal planes [172]. The 
possible formation mechanism of nanoplates may be the layer-by-layer growth 
via an Ostwald ripening mechanism [173], as multiple layered structures can 
be observed in the AFM image [Fig. 7.1(b)]. In the growth processes of the 
nanoplates, zinc nitrate provides Zn2+ ions while HMT provides OH- ions and 
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serves as a kinetic buffer of solution pH [174]. Those ions are combined to 
form ZnO via the reaction steps stated below: 
 
Zn(NO3)2 → Zn2+ + 2NO3–                 (7.1) 
 
When the growth solution is heated, HMT hydrolyzes in water gradually 
produced formaldehyde (HCHO) and ammonia (NH3): 
 
 (CH2)6N4 + 6 H2O ↔ 4 NH3 + 6 HCHO               (7.2) 
 
The ammonia then decomposes in the solution to form OH– ions: 
 
 NH3 + H2O → NH3·H2O                 (7.3) 
 NH3·H2O ↔ NH4+ + OH–                 (7.4) 
 
The Zn2+ ions from the dissociated zinc nitrate solution then react with the 
OH– ions to form Zn(OH)2 which undergo a condensation reaction to form a 
water molecule and solid ZnO: 
 
 Zn2+ + 2OH– ↔ Zn(OH)2                 (7.5) 
 Zn(OH)2 → ZnO + H2O                 (7.6) 
 
The surface roughness, i.e., the root mean square (RMS), is measured by AFM 
and is about 44.2 nm in the area of 0.5×0.5 μm2 in the central of the nanoplate 
[Fig. 7.1(d)]. It is obvious that the nanoplate surface is relatively smooth 
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without visible defects, such as holes, cracks and protrusions. By doing line 
profile analysis on the AFM topography image [Fig. 7.1(b)], the diameter, 
length and aspect ratio of the nanoplate are obtained [Fig. 7.1(c)]. In this study, 
individual nanoplates with low aspect ratios were obtained using the 
hydrothermal method. The length of the nanoplates ranges from 40 nm to 700 
nm and the diameters are between 600 nm to 3 µm. To obtain the nanoplates 
with low aspect ratio, ammonium nitrate is added to the growth solution to 
maintain the growth solution at a low pH value. According to Richardson et al. 
[175, 176], a growth solution with low pH produces low aspect ratio ZnO 
nanoplates while with high pH produces high aspect ratio ZnO nanoplates. 
When ammonium nitrate is added, the presence of NH4+ ions from its 
dissociation [Eq. (7.7)] can slow down the reversible reaction in Eq. (7.4). 
NH4NO3 → NH4+ + NO3–                  (7.7) 
which reduces the concentration of OH– ions and results in a low pH value of 
the growth solution. As a result, ZnO nanoplates with low aspect ratio will be 
formed.  In addition, XRD measurement has been conducted (Fig. 7.2). Only a 
single peak is observed at 2θ = 34°. This peak is indexed as the (002) plane of 
ZnO hexagonal wurtzite structure, which is equivalent to the [0001] 
orientation. The single peak XRD pattern indicates that the ZnO nanoplates 
have single crystal structure and are all textured in the [0001] orientation. 




Fig. 7.2 XRD intensity as a function of the angle 2θ for ZnO nanoplates. 
 
7.2 Photoluminescence (PL) Measurements 
By photoluminescence (PL) measurements, the existence of oxygen 
vacancy were validated in the as-grown ZnO nanoplates as well as the 
nanoplates annealed in air at 500 °C for 1 hour, as well as the nanoplates 
annealed at 500 °C under vacuum (1 x 10-5 mbar) for 1 hour. The PL 
measurement results are shown in Fig. 7.3. It shows all the samples have an 
ultraviolet emission at 380 nm, corresponding to the near-band edge emission 
of ZnO [164]. However, the as-grown ZnO has a broad visible emission peak 
which is attributed to oxygen vacancies [177]. After being annealed in air, the 
visible emission peak (at about 490-550 nm) disappears, which can be 
attributed to the combination of oxygen vacancies in the ZnO nanoplates with 
oxygen ions in air [178]. Inversely, for the nanoplates annealed under vacuum 
conditions, the emission peak (at about 490–550 nm) is enhanced due to the 
intentionally created oxygen vacancies [179].  




Fig. 7.3 PL spectra of the as-grown ZnO nanoplates, the nanoplates annealed 
at 500 °C in air for 1 hour and the nanoplates annealed at 500 °C in vacuum 
conditions (1 x 10-5 mbar) for 1 hour. 
 
7.3 Resistance Switching Behavior of the Nanoplates Studied by C-
AFM 
The resistive switching behavior of the individual [0001] textured ZnO 
nanoplates is measured by using c-AFM technique. To avoid artiﬁcial effects 
due to the poor contact between the tip and the sample, the loading force of 40 
nN to 200 nN, i.e., the set-point of 0.4 V to 2 V, is used when recording the 
local current-voltage (I-V) curves at certain locations [Fig. 7.4(a)]. It shows 
unipolar resistance switching behavior for the nanoplate with diameter of 1 μm 
and length of 80 nm, and the set voltage is -3 V and the reset voltage is -7 V. 
There are almost no variations on the I-V curves as the loading force increases, 
which indicates that the used set-points (40 nN < loading force < 200 nN) have 
little effects on the measured I-V curves. Figs. 7.4(b) and 7.4(c) are the current 
images obtained with the set-points of 0.2 V and 0.8 V, respectively. The 
sample voltage for c-AFM scanning is 5 V. It is clear that the current image 
obtained with set-point of 0.8 V is clearer and less affected by the 90° scan 
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angle. It is interesting to note that there are no current bursts inside the 
nanoplate, i.e., the current value inside the nanoplate is negligible compared to 
that of the bottom electrode, except some current spikes (in yellow) at the 
edges of the nanoplate. If overlaying the current image on top of the 
topography image, it is obvious that the current spikes appear at the edges and 
sidewall of the nanoplate, where there are large changes in height [Fig. 7.4(d)]. 
Hence, the current spikes may be due to the large changes of the loading force 
as the height of the nanoplate changes abruptly. It was reported higher surface 
roughness was due to larger grain size, and there were more oxygen vacancies 
diffusing in the grain boundary regions, thus also reduced the resistivity in 
these regions for thin films [180]. However, at this stage in our study, it is 
difficult to determine whether there are more oxygen vacancies in the edges. 
More research works are needed to study this in the future. To ensure the good 
contact between the tip and the nanoplate-surface as well as to avoid wear of 
the tip coating, and to achieve reproducible results, the set point is kept at 0.8 
V in the subsequent c-AFM measurements, and the scan rate is 0.5 Hz. 
Furthermore, when the sample bias is increased to 10 V with a step-increment 
of 1 V, there is still no current burst inside the nanoplate [Fig. 7.4(e)]. It is 
noticeable that there are also some current spikes appearing at the edges of the 
nanoplate. However, when the sample bias is decreased to -10 V, there are 
some current spikes occurring inside the nanoplate [Fig. 7.4(f)]. These 
phenomena are consistent with the unipolar I-V curves observed in Fig. 7.4(a), 
which may be obtained at the locations where current spikes occurred. The 
current spikes can be seen more clearly from the inset of Fig. 7.4(f) and 
marked with red circle. In addition, the nanoplate is in high resistance state 
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(HRS) under positive sample biased region and can be switched into low 
resistance state (LRS) by certain negative sample bias. The appearance of the 
unipolar switching behavior can be attributed to native defects such as oxygen 
vacancy [181, 182]. In the LRS, there is the formation of the conduction 
ﬁlaments and it is dominated by Ohmic conduction mechanism, whereas in the 
HRS, the conduction ﬁlaments are ruptured and Schottky interface and/or 
Poole-Frenkel (PF) conduction mechanism dominates [120, 183]. 
 
Fig. 7.4 (a) local current-voltage (I-V) curves with various loading forces 
between 40 nN to 200 nN, i.e., the c-AFM set-point of 0.4 V to 2 V; (b) and (c) 
the current images scanned with set-point of 0.2 V and 0.8 V respectively; (d) 
the current image is overlaid on topography image; (e) current image scanned 
with 10 V sample bias; and (f) current image scanned with -10 V sample bias, 
the insert figure is the zoom-in current image. The current image size is 
1.5×1.5 μm2. 
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The effects of aspect ratio on the I-V curves of the nanoplates are 
studied in order to determine the size effects on the resistive switching 
behavior of the nanoplates. It is found that the variation of set or reset voltage 
in one individual plate is below 0.5 V. The narrow dispersion of the “set” or 
“reset” voltages may be due to the vertically branched conductive filaments in 
the nanoplates as schematically shown in Fig. 7.5(a). Fig. 7.5(b) is the I-V 
curves for the nanoplates with the aspect ratio ranging from 0.027 to 0.26. It is 
clear that, when the aspect ratio is above 0.08, although the length varies from 
80 nm to 650 nm and the diameter varies from 0.8 µm to 2.5 µm, there are 
only small changes in the “set” or “reset” voltages. It is interesting to note that 
the unipolar and bipolar resistive switching behaviors co-exist in the 
nanoplates with a diameter of 2.5 µm and a length of 650 nm [Fig. 7.5(c)]. In 
some locations, the bipolar resistive switching occurs after the first cycle of 
unipolar resistive switching [Fig. 7.5(c)]. The co-existence of both phenomena 
was also reported in ZnO films [184], and it was found that transition between 
these two switching modes could be controlled by the value of compliance 
current in the electroforming process [184]. In addition, it is also found that 
both of the “set” and “reset” voltages (absolute value) increase significantly 
with decreasing the aspect ratio (ranging from 0.26 to 0.027). For comparison, 
ZnO thin film growth by hydrothermal method with the same thickness as the 
length of the nanoplates is also studied to determine whether there is effect 
due to the scaling down of the dimension. Fig. 7.5(d) shows the I-V curves for 
thin film with the thickness of 40 nm. The bipolar resistive switching behavior 
is observed even though the set voltage has a large variation due to the multi-
directional bundled conductive filaments in the ZnO thin ﬁlm [120]. This 
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result suggests that the unipolar and bipolar resistive switching can tuned by 
electroforming process or sample dimensionality.  
 
Fig. 7.5 (a) schematically diagram of the vertically branched conductive 
filaments in the nanoplates; (b) the I-V curves for individual nanoplates with 
the length × diameter (L × D) of 40 nm × 1.5 µm, 80 nm × 0.8 µm, 80 nm × 1 
µm, 80 nm × 1.5 µm and 650 nm × 2.5 µm, respectively. The aspect ratio (AR) 
ranges from 0.027 to 0.26 for those nanoplates; (c) the co-existing of the 
unipolar and bipolar resistive switching in the nanoplate with a diameter of 2.5 
µm and a length of 650 nm; and (d) the I-V curves for the ZnO thin film with 
the thickness of 40 nm. 
 
7.4 Domain Structures and Polarization Reversal Studied by PFM 
Figs. 7.6(a)-7.6(e) show the respective topography, V-PFM and L-
PFM amplitude and phase images of the ZnO nanoplate with 1 μm diameter 
and 40 nm length. The V-PFM phase image [Fig. 7.6(d)] and the histogram of 
the phase image [Fig. 7.6(g)] show almost all domains are in the phase angle 
of    -20°. This indicates the spontaneous polarizations are along the c-axis 
orientation, i.e., [0001] orientation. On the other hand, some small patches 
with converse color contrast (yellow and purple colors) are observed in the L-
                                                                                         Chapter 7 
129 
 
PFM phase image [Fig. 7.6(e)]. These patches can be considered as domains 
with approximately opposite polarizations, which are also illustrated by the 
histogram of the phase images [Fig. 7.6(g)]. The phase angle difference is 
about 160° (the phase angle for the domains in purple color is about -150° and 
the phase angle for the domains in yellow color is about 10°). The domains’ 
orientations are further verified by line profiling analysis [Fig. 7.6(f)]. As the 
amplitude image is proportional to the magnitude of the piezoelectric 
coefficient, d33, the piezoresponse at the domain walls is obviously lower than 
that in the internal of the domains [87]. It should also note that there is almost 
no apparent change in the V-PFM amplitude image [Fig. 7.6(b)], whereas an 
abrupt change at the domain wall region can be observed in the L-PFM 
amplitude image [Fig. 7.6(c)]. 
Furthermore, the domain switching by DC poling process of the 
solution grown ZnO nanoplate is studied. Figs. 7.7(a) and 7.7(b) show V-PFM 
phase and amplitude images after poling processes with an application of tip 
bias of 10 V on the area marked by red and tip bias of -10 V on the area 
marked by green, respectively. It can be seen that the domains in the as-grown 
nanoplate are in the upward direction (yellow color), but after poling with 10 
V tip bias, the upward domain is switched to downward direction (purple 
color). On the other hand, when poling with -10 V tip bias, the domains 
remain in the upward direction. This domain switching processes by poling 
further confirm that the nanoplates have the property similar to the 
ferroelectricity. The domain switching can also be clearly seen from the line 
profile of the V-PFM phase image [Fig. 7.7(f)], and the result suggests that the 
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domain switching with approximately 180° phase angle change is achieved by 
these poling processes. 
 
Fig. 7.6 (a) the topography image, (b) and (c) V-PFM/L-PFM amplitude 
images, (d) and (e) V-PFM/ L-PFM phase images of the ZnO nanoplate of 1 
μm diameter and 40 nm height, respectively; (f) the line profiles of the phase 
images in Figs.7.6 (d) and 7.6(e); and (g) the histogram of the phase images in 
Figs. 7.6(d) and 7.6(e). 
 
Figs. 7.7(d) and 7.7(e) are the corresponding lateral PFM phase and 
amplitude images, which also show certain in-plane domain switching 
processes when poling with tip bias of 10 V. It is worth to notice that the 
difficulty in switching the polarization to downward direction by 10 V tip bias 
(or -10 V sample bias), and this may be related to the electrical property of the 
nanoplate. Certain locations in the nanoplate poled with -10 V sample bias are 
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under LRS [Fig. 7.4(f)], and this will hinder the polarization switching in the 
nanoplates [37]. It is also interested to note that the poling processes can also 
affect the resonant frequency image [Fig. 7.7(c)]. The resonant frequency is 
associated with the contact stiffness and represents information on local elastic 
properties [185]. This result hence suggests that poling may also affect the 
elastic properties of the nanoplates. To further study the polarization switching 
behavior of the ZnO nanoplates under room temperature, PFS technique will 
be used and the results will be discussed in the next section.  
 
Fig. 7.7 the V-PFM (a) phase and (b) amplitude images after poling processes 
with applying 10 V on the area marked by red and -10 V on the area marked 
by green, respectively; (c) the resonant frequency image after the poling 
processes with 10 V and -10 V tip biases; (d) and (e) the corresponding lateral 
PFM phase and amplitude images; and (f) the line profile of the V-PFM phase 
image. The size for the phase and amplitude images is 0.5×0.5 μm2. 
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7.5 Polarization Reversal Studied by PFS 
Following the PFM study, the polarization switching behavior of the 
nanoplates is further studied by using the PFS measurements. In the PFS study, 
the AC voltage is kept constant at 1.2 V. Figs. 7.8(a) and 7.8(b) show the 
“butterfly-like” amplitude loop [A(E)], and hysteresis loop in phase angle 
[ϕ(E)] with a window bias of ± 8 V respectively. The phase angle loop shows 
180° difference, indicating that the polarizations can be switched to upward or 
downward direction by the external electric field. It is therefore confirmed the 
polarization switching behavior in the nanoplate. In addition, the negative and 
positive coercive voltage can be deduced from the PR(E) loop when the 
applied bias is zero. The piezoresponse hysteresis loop, PR(E), can be 
calculated and plotted using the equation of PR(E) = A(E)*cos[ϕ(E)] [32]. To 
investigate the effects of DC voltage on the saturated piezoresponse hysteresis 
loop for the ZnO nanoplates, the DC voltages are varied from ±4 V to ±12 V. 
The representative piezoresponse hysteresis loops are shown in Fig. 7.8(c). It 
is clear that the PR(E) hysteresis loops are dependent on the DC voltage, and 
the effective work of switching (area enclosed by the PR(E) loop) increases 
with increasing DC voltage. However, the PR(E) hysteresis loops are 
asymmetric; this may be due to the screen charge from the leakage current. 
The high conductivity of the nanoplates may be because of the intrinsic 
defects, such as oxygen vacancies, which have been verified in the previous 
PL measurements. In addition, the shift along the electric field axis to the 
positive bias suggests that there is a built-in field, which favors the as-grown 
polarization in the [0001] orientation [33, 171]. The loops are also shifted 
along the vertical axis; this suggests that the piezoresponse of the film is more 
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sensitive to the negative bias than that to the positive bias. This may be similar 
to the frozen layer and the incomplete back switching in the thin film as 
reported before [33]. This existence of polarization switching behavior and the 
evolution of PR(E) hysteresis loops with DC voltage are also investigated on 
the nanoplate with 0.6 μm diameter and 40 nm length (Fig. 7.9).   
 
Fig. 7.8 (a) phase hysteresis loop, ϕ(E), and (b) the “butterfly-like” amplitude 
loop, A(E) obtained with a DC voltage of 8 V; and (c) the piezoresponse 




Fig. 7.9 PR hysteresis loops with varied DC voltage for the nanoplate with 0.6 
μm diameter and 40 nm height. 
 
To clarify whether there is correlation between the domain states and 
PR(E) hysteresis loops, the PFS measurements are conducted in the undoped 
region and the regions after DC poling processes (poled with 10 V/-10 V) on 
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the same nanoplate. It shows that the saturated phase hysteresis loops and the 
butterfly-like amplitude loops can be obtained in all of the regions [Figs. 
7.10(a) and 7.10(b)]. The calculated PR(E) hysteresis loops from the different 
regions are plotted in Figs. 7.10(c) and 7.10(d). The PR(E) hysteresis loops 
obtained in the un-poled region are similar to those obtained in the region 
poled with -10 V [Fig. 7.10(c)]. However the PR(E) hysteresis loops obtained 
in the region poled with 10 V are different [Fig. 7.10(d)]. The hysteresis loops 
in the un-poled region or in the region poled with -10 V oriented are different 
from the region poled with 10 V along the applied electric field axis, and this 
is most likely due to the different initial states of the domains, which may 
initiate different polarization switching processes [marked in Figs. 7.10(a) and 
7.10(b)]. In the un-poled region and the region poled with -10 V, the 
polarization orientation is in upward direction and this contributes to a positive 
built-in field, which favors polarization in [0001] orientation. On the contrary, 
in the region poled with 10 V, the polarization is downward and may account 
for the existence of the negative built-in field and the favor of polarization in 
[000
−
1] orientation. Furthermore, in the un-poled region and the region poled 
with -10 V, the hysteresis loops are apparently oriented in the opposite 
direction of the applied field. It shows that the shape of piezoresponse 
hysteresis loop, PR(E), relates to the shape of phase hysteresis loops, ϕ(E), 
which is affected by the initial phase angle.  
To further confirm whether the polarization switching behavior is 
intrinsic behavior of the nanoplates, and also to rule out the effects of moisture 
and oxygen from the ambient condition, the PFS measurements are also 
conducted under synthetic air and argon (Ar) gas in both regions poled by 10 
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V or -10 V. The results are similar to those in the ambient condition and 
therefore confirm that the polarization switching behavior is the intrinsic 
property of the ZnO nanoplates [Figs. 7.10(c) and 7.10(d)]. It should be 
noticed that, in either synthetic air or Ar gas, the built-in field is slightly 
reduced. The decrease of built-in field in synthetic air or Ar gas may be due to 
the absence of moisture in the both environments. In the ambient condition, 
the moisture can cause the screen charges [32]. In addition, there are increased 
values in the forward and reverse saturation and the remnant piezoresponses 
under either synthetic air or Ar gas, and the increments under Ar gas are larger 
than those under synthetic air. These results suggest that the absence of 
oxygen in the Ar environment may account for the increased piezoresponse in 
the nanoplates.  
 
Fig. 7.10 (a) phase hysteresis loops and (b) butterfly-like amplitude loops 
obtained in the regions poled with -10 V or 10 V; the PR(E) hysteresis loops 
obtained in (c) -10 V poled region and (d) 10 V poled region by the same PFS 
technique conducted in different environments. 
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To correlate the polarization switching behavior and nanoplate’s 
dimension, the PFS measurements are further conducted at six random 
locations of one plate. Furthermore, the PFS experiments are conducted on the 
plates with the same aspect ratio as well as the plates with different aspect 
ratio (range from 0.04 μm to 0.23), i.e., different diameter (range from 0.6 μm 
to 3 μm) and different length (range from 40 nm to 700 nm). In addition, the 
PR(E) hysteresis loop of ZnO thin film with thickness of 700 nm deposited by 
chemical solution is also studied. The PR(E) hysteresis loops are calculated 
based on the amplitude and phase loops as discussed in the earlier sections. 
Fig. 7.11(a) shows the PR(E) hysteresis loops and the average PR(E) 
hysteresis loop (obtained on six different locations) from the nanoplate with a 
diameter of 1 μm and a length of 40 nm. It shows a relative small scatter with 
the locations in one nanoplate. All of the averaged PR(E) hysteresis loops 
obtained from various nanoplates and thin film are plotted in Fig. 7.11(b). It 
clearly reveals that the polarization switching behavior of the nanoplates is 
significantly enhanced compared to that of the thin film.  
The hysteresis loop for thin film is narrow and with very small values 
of R0, Rs and As, but large Eim and Ec. However, the hysteresis loops of the 
nanoplates show high value of R0, Rs and As, but low value of Eim and Ec. The 
enhanced polarization switching behavior may be due to the size effect. In the 
nanoplate, the dipole moment per unit volume significantly increases [50, 186]. 
One of the possible reasons is the radial pressure caused by the surface tension 
in nanoplates [44, 50]. The results also highlight that ZnO nanoplate has 
potential for nanoscale memories devices. Figs. 7.11(c) and 7.11(d) show the 
PR(E) parameters as a function of nanoplates’ aspect ratio. When the aspect 
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ratio is within the range of 0.04 to 0.23, Eim, Ec, R0, Rs and As show first 
increasing and then decreasing, with the largest Eim, R0, Rs and As values but 
relative smaller value of Ec for the nanoplate with the aspect ratio of 0.13. The 
nanoplate with the aspect ratio of 0.07 has the largest Ec and relative larger Eim, 
it also has the smallest values of R0, Rs and As. However, since the imprint 
may not only come from the inherent polarization switching property of the 
nanoplate, but also depend on charge injections, hence the nanoplate with the 
aspect ratio of 0.13 shows the better polarization switching properties, whereas 
the nanoplate with aspect ratio of 0.07 shows poor polarization switching 
properties. In addition, the c-AFM and PFM results show that the increase in 
aspect ratio can reduce the “set” and “reset” voltages, however the polarization 
switching property does not increase linearly with the aspect ratio. 
Generally-speaking, two factors may contribute to the polarization 
switching property in the pure ZnO based materials. One is that the oxygen 
vacancy in the nanoplates may assist the polarization switching processes, in 
which the domain reversal starts at the vicinity of the oxygen vacancy, and the 
oxygen vacancy can lower the activation energy and assist the 
accomplishment of the domain switching [23]. Another one is that the large 
lattice mismatch between the substrate and nanoplates due to the zinc 
interstitial defects might attribute to the polarization switching behavior [49]. 
In this study, the polarization switching study is conducted on the nanoplates 
with the same diameter and the varied length. If the zinc interstitial defects 
between the substrate and the nanoplates lead to the occurrence of polarization 
switching behavior, the plates with different length should show the same 
polarization switching behavior. However, the results show that the nanoplates 
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with 1 μm diameter and 40 nm length have better polarization switching 
behavior than that in the nanoplate with 1 μm diameter and 80 nm length. 
Hence, the oxygen vacancy in the nanoplates is most likely the reason for the 
polarization switching behavior. This hypothesis is also proven by comparing 
the polarization switching behavior of the nanoplates with 3 μm diameter but 
with different lengths of 450 nm and 700 nm. The hypothesis of oxygen 
vacancies assisted polarization reversal was further verified by conducting the 
PFS technique on the air-annealed and vacuum-annealed ZnO nanoplates. Figs. 
7.12(d)-7.12(g) show the phase loops and the amplitude loops. For the 
nanoplates annealed in air, it is obvious that there is no change of the phase 
angle under the biased tip though there is still some deformation of the surface 
originated from the converse piezoresponse effect [Figs. 7.12(d) and 7.12(e)]. 
This can be due to the reducing oxygen vacancies in the nanoplates (Fig. 7.3). 
On the other hand, for the nanoplates annealed in vacuum conditions, the 
“butterfly-like” amplitude loops and saturated phase loops were obtained [Figs. 
7.12(f) and 7.12(g)]. The magnitude of amplitude also increases comparing to 
that of the as-grown nanoplate [Figs. 7.10(a) and 7.10(b)]. This enhanced 
polarization switching behavior can be resulted from the creation of oxygen 
vacancies (Fig. 7.3). In addition, it should be noticed that the polarization 
reversal in the as-grown ZnO nanoplates is not induced by the hydrogen 
interstitial defects [187, 188]. The hydrogen interstitial defects could be strong 
in the as-grown ZnO nanoplates because the synthesis is via a hydrothermal 
method [189]. 




Fig. 7.11 (a) the PR(E) hysteresis loops obtained at six different locations of 
the plate with diameter of 1 μm and length of 40 nm and the averaged PR(E) 
hysteresis loop of these hysteresis loops obtained from varied locations; (b) all 
of the averaged PR hysteresis loops from varied nanoplates and thin film. In 
the legend, D is the abbreviation of diameter, L is the abbreviation of length 
and AR is the abbreviation of aspect ratio; (c) and (d) imprint bias, Eim, 
coercive bias, Ec, remanent switchable responses, 𝑅0, maximum switchable 
responses, 𝑅𝑠, and effective work of switching, 𝐴𝑠, plotted as a function of 
aspect ratios of the nanoplates. The error bar in Figs. 7.11(c) and 7.11(d) is 
approximately 5%. 
 
Nevertheless, H impurity bonding with an oxygen atom can form H-O dipole 
may increase the ferroelectric property in the bulk ferroelectric materials, such 
as BaTiO3 and PbTiO3 [190, 191]. On the other hand, the formation of H-O 
can also lead to the loss of oxygen ions and reduce the switching charges. It 
was also observed that the hysteresis loops in these materials disappeared due 
to the reduction of the switching charges [190, 191]. In these materials, the 
ferroelectric property can be restored after annealing the sample in air [190, 
191], since H interstitials can be removed. Hence, if it is the H interstitial, the 
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polarization switching behavior should be observed in the annealed ZnO 
nanoplates [187, 188]. However, in our study, the polarization switching 
behavior is degraded in the air-annealed nanoplates.  It can therefore draw a 
conclusion that the reducing of oxygen vacancy makes the polarization 
reversal become difficult. In addition, the trade-off between the resistive 
switching and polarization switching behavior is also observed in the annealed 
ZnO nanoplates. It is found that the annealed nanoplates owning poor 
polarization switching behavior are more conductive. The absolute set or reset 
voltage can be less than 1 V [Figs. 7.12(a)-7.12(c)]. This enhanced 
conductivity can be explained by the surface passivation effect of oxygen and 
the less electron scattering due to the enhanced crystallite structure [189]. As 
shown in Fig. 7.3 the oxygen vacancy is reduced in ZnO nanoplates during 
annealing, which may cause the oxygen surface passivation effect and 
decrease the oxygen defects. Therefore the surface barrier should be reduced, 
thus the carrier mobility and conductivity can be increased. On the other hand, 
it was reported that annealed in air with higher temperature up to 600 °C could 
result in a decrease in resistivity the ZnO in terms of the enhancement of 
crystallite structure [192, 193].  
  




Fig. 7.12 (a) and (b) the current images scanned with ±1 V; (c) The I-V curves 
with sample bias of ±5 V; (d) and (e) the phase loops and amplitude loops for 
air-annealed nanoplates;  and (f) and (g) the phase loops and amplitude loops 
for vaccum-annealed nanoplates  with 1 μm diameter and 40 nm length. 
 
7.6 Piezoelectric Property Studied PFM 
The PFS results suggest that the AC voltage in piezoelectricity study 
should be below 4 V for nanoplates. The piezoresponse, A(E), i.e., the bias-
induced deformation along [0001] orientation, can be calculated by 
multiplying the piezoelectric coefficient, dvertical, with the applied electric field, 
EAC. Therefore, the piezoelectric coefficient, dvertical, can be determined from 
the V-PFM measurements. In this study, the piezoelectric coefﬁcients, dvertical, 
of the individual nanoplates are found within the range from 1 to 3 pm/V. This 
is smaller than that reported by Scrymgeour et al [51]. It may be due to the 
nanoplates used in this work having the smaller aspect ratios. These results 
also suggest that the piezoelectric coefficients may not have a simple 
dependence on the physical dimensions of the nanoplates, such as diameter 
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and length. Furthermore, piezoresponse coefficient, dlateral, is also determined 
from the L-PFM measurement and the results show that the value of dlateral is 
generally higher than dvertical and varied from 2.2 to 7.6 pm/V.  
 
7.7 Summary  
In this study, the individual hexagonal nanoplates with relative low 
aspect ratios of 0.04 to 0.26 are deposited by hydrothermal method. The 
topography of the ZnO nanoplate is characterized by using SEM and AFM, 
respectively. The XRD results also confirm the nanoplates have textured 
[0001] orientation. The resistive switching behaviour of the individual 
nanoplates is studied by using the c-AFM technique. The characteristics of the 
I-V curves show unipolar resistance switching; the set or reset voltages 
decrease with increasing the aspect ratio of nanoplates. However, when the 
aspect ratio increases to 0.26, the nanoplates show both unipolar and bipolar 
resistive switching characteristics. The narrow dispersion of the set or reset 
voltage for nanoplates, in contrast to that of thin film, may be due to the 
vertically localized conductive filaments. The polarization switching 
behaviour of the nanoplates is then studied. The domain structure is first 
characterized by vertical and lateral PFM techniques. The results have 
confirmed that the nanoplates show the polarization switching behaviour. This 
behaviour can be well explained by the oxygen vacancies associated domain 
switching under the biased tip. Furthermore, the size effect on the polarization 
switching behaviour has also been studied. Despite the smallest Ec in the plate 
with 0.13 ratio aspect, the results show that Eim, Ec, R0, Rs and As first increase 
and then decrease with aspect ratio ranging from 0.04 to 0.23. However, the 
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PFM results do not suggest any direct correlation between the piezoelectric 
coefficients and the physical dimensions of the nanoplates. The observed 
abnormal hysteresis loops are partially caused by the surface screen charges 
from the moisture in the air condition. This is proven by the PFS results 
obtained in synthetic air and Ar gas. However, there is still a small drift along 
the voltage axis, which may be due to the dead layer and the intrinsic defects 
in the nanoplates. Therefore, more studies are needed to have a better 
understanding of these phenomena. To conclude, the results also highlight the 
potential applications of the ZnO nanoplate in the nanoscale memories devices 
based on the resistive switching and/or polarization switching phenomena. 
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CHAPTER 8 Conclusions and Recommendations 
 
The aim of this work is to systematically investigate the mechanisms 
of resistance switching and polarization switching behaviors in ZnO based 
materials by using various advanced SPM techniques. The chapter will 
summarize the general conclusions and recommendations for future research 
work.  
 
8.1 General Conclusions 
 
8.1.1 Correlations between the Resistive Switching and Polarization 
Switching Behaviors in ZnO Thin Films  
In the an attempt to correlate the resistive switching and polarization 
switching behaviors in ZnO thin film, various SPM characterizations have 
been conducted on the same location of the undoped ZnO thin films. The 
results show that the polarization reversal and the capability of charge storage 
coordinate within HRS. The results also exclude that the HRS region poled by 
negative sample bias resultes from holes injection effect, whereas the 
migration or formation of the oxygen vacancy dominate the “reset” process. 
When the sample is biased by 10 V, it is found that the electrons injection 
effect dominates the “set” process. Furthermore, it is also verified that the 
uncompensated polarization may be the crucial factor that leads the resistance 
switching behavior in ZnO thin films. A more persuasive model is built up to 
further confirm this experimental result. In this work, it is interesting to find 
that the surface potential is deeply affected by the adjacent poling processes 
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with or without biases. In addition, the surface charge can be redistributed in 
flowing argon after poling processes. It suggests that the application of KPFM 
technique requires a further research in the control of the poling process and 
the related environment. 
 
8.1.2 Polarization Switching in Copper Doped Zinc Oxide (ZnO:Cu) Thin 
Films  
From BE-PFM results, within a certain extent of copper concentration, 
more domains are favored in upward direction with increasing the doped 
copper concentration. The piezoresponse is increased as the copper 
concentration increases, whereas the energy dissipation is decreased with the 
increasing copper concentration. However, it seems that the surface stiffness 
has indirect relationship with the copper concentration. The asymmetric 
polarization switching behavior has been confirmed by PFS technique and DC 
poling processes. Polar defects and incomplete backswitching may determine 
the asymmetric polarization switching behavior. This hypothesis is confirmed 
by conducting PFS measurements on air-annealed film. The effects of copper 
concentration and oxygen partial pressure on polarization switching are further 
studied by PFS technique. When the copper concentration ranges from 0 at.% 
to 8 at.%, the polarization switching behavior is enhanced with increasing the 
copper concentration. The slightly decrease in the polarization switching 
behavior in ZnO:Cu film with 12 at.% copper concentration may be due to the 
existence of secondary phase in the sample. The polarization switching 
parameters, such as R0, Rs, As and Ec decrease as decreasing deposited oxygen 
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partial pressure. In addition, it is found that the polarization switching 
behavior can be significantly enhanced under flowing argon. 
 
8.1.3 Resistive Switching, Polarization Switching and Surface Potential in 
Copper doped Zinc Oxide (ZnO:Cu) Thin Films  
Resistive switching, polarization switching and surface potential of 
ZnO:Cu thin films have been also studied by using various SPM techniques. 
Bipolar resistance switching behavior has been observed in the ZnO:Cu thin 
films. The local point I-V curves and area positive or negative biases poling 
results also indicate that the dispersion of Vset and Vreset are reduced with 
increasing the copper concentration. In addition, the electroforming process, 
the scanning rate and the scanning times during the poling processes can affect 
the maintaining of HRS or LRS. Unlike the results of the undoped ZnO, it is 
found that the capacity of charge storage and the polarization reversal 
behavior have been observed in the sample doped with more copper when the 
sample is either in the high resistance (HRS) or low resistance state (LRS). 
Based on the results from c-AFM, KPFM and PFM measurements, it suggests 
that injection charge limit current is dominated in the “set” and “reset” 
processes. In addition, the results from Piezoresponse Force Spectroscopy 
(PFS) measurements imply that the built-in field in the sample may contribute 
to the RS behavior. In general, the results unveil the correlations between RS 
and PS behavior in ZnO:Cu thin films, indicating when using ZnO:Cu thin 
films as memory devices, their resistance states should be given more attention. 
Similarly, when using ZnO:Cu thin films as resistive switching based devices, 
attention should be given on the depolarization. As both the copper and 
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oxygen vacancy can tune the band structure and the polarization switching 
behavior, future study should focus on associated mechanisms which could 
control RS and polarization switching behaviors. Furthermore, the maintaining 
of HRS or LRS also needs to be studied in the future.  
 
8.1.4 Resistive Switching and Polarization Reversal of Hydrothermal Method 
Grown Undoped Zinc Oxide Nanoplates 
In this study, the topography of nanoplates is firstly characterized by 
using SEM and AFM techniques, respectively. It shows that the individual 
ZnO nanoplates are along [0001] orientation, which is also confirmed by XRD 
method. The aspect ratio is in the range of 0.027 to 0.27. From the 
characterization of I-V curves, when the nanoplates of an aspect ratio < 0.1, 
they show unipolar resistance switching behavior and the set or reset voltages 
decreases with the aspect ratio. When the aspect ratio increases to 0.26, the 
nanoplates show both unipolar resistive switching and bipolar resistive 
switching behavior. Compared to the I-V curves for thin film, the dispersion of 
set or reset voltages becomes narrow; this is resulting from the vertically 
localized conductive filaments in nanoplates. From the PFM and PFS results, 
the polarization switching behavior has been verified. The abnormal hysteresis 
loops shifting along and piezoresponse axis are also observed in this study. By 
conducting PFS measurements under synthetic air and Ar gas, it suggests that 
the shift along the electric field, i.e., the imprint may origin from the moisture 
in the air condition. In addition, the results show that the polarization 
switching behavior increases firstly and then reduces with the aspect ratios 
ranging from 0.04 to 0.23. However, the PFM study suggests there is no 
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correlation between the piezoelectric coefficients and the physical dimensions 
of the nanoplates. The results highlight the fact that ZnO nanoplate has the 
potential application in nanoscale memories devices based on the resistive 
switching and/or polarization switching phenomena. It is also noteworthy that 
this is the first time that the polarization switching is observed in ZnO 
nanoplates on nano scale at room temperature by PFS technique. Abnormal 
hysteresis loops attributed to the depolarization may cause by the surface 
screen, or the dead layer and the intrinsic defects in the nanoplates. Therefore, 
more studies are needed to have a better understanding of these phenomena. 
 
8.2 Recommendations for Future Works 
 
8.2.1 Resistive Switching, Polarization Switching and Surface Potential in 
Other Environments 
This study focus on the ZnO based materials, SPM technique has been 
proven to be a powerful technique in characterizing nanoscale properties of 
resistive switching and polarization switching behaviors, as well as the surface 
potential. However, the results presented in this thesis only offer a 
fundamental understanding of the correlations between the resistive switching 
and the polarization switching in ZnO based materials, without monitoring 
external effects, such as temperature. In addition, the changes of the surface 
potential with temperature on ferroelectric materials are important as the 
polarization may be screened by mobile charges in ambient air. Such studies 
allow establishing kinetic and thermodynamics properties of the screening 
processes. Therefore, this type of experiment should be conducted by c-AFM, 
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KPFM and PFM with controlling of the temperature and environment, so that 
the in situ resistance change and domain transformation can be observed. In 
this way, it can unambiguously determine of the mechanism underlying these 
phenomena and elucidate the critical turning point for these properties.  
 
8.2.2 Local Real Space of Polarization Orientation and Piezoelectric 
Properties in ZnO Based Materials study by Vector PFM 
Although the characterization of domain structure has investigated on 
ZnO:Cu thin films, the orientations of lateral domain are still not clear. On the 
other hand, the piezoelectric properties of undoped ZnO and doped ZnO thin 
films were investigated by several groups [42, 194, 195]. However, these 
studies are primarily measured the vertical piezoelectric coefficient, d33, which 
is calculated from the out-of-plane piezoresponse. On the other hand, the 
lateral piezoelectric coefficients, d31 or d15, corresponded with the in-plane 
component of piezoresponses are less investigated. Furthermore, the 
piezoelectric properties of polycrystalline thin films may be affected by many 
factors, such as mixed orientation of the grains, dopants, microstructure, 
degree of texture and growth conditions etc. In the study by Bdikin et al [196], 
the piezoelectric activity is related to the polarity of the films. The polarity of 
the films may accommodate themselves on the bottom electrode either with 
oxygen or zinc planes and corresponding polar vector. It is clear that the 
unipolarity (along with the texture) can maximize the piezoelectric and can be 
tuned by varying the processing conditions during the film growth. Therefore, 
the real space of polarization orientation in ZnO based thin films is necessary 
to be constructed. These can be done by using one vertical PFM plus two 
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orthogonal lateral PFM. The preliminary results for the [0001]-oriented 
ZnO:Cu sample (8 at.%, deposited 𝑃𝑂2 = 2×10
-4 Torr) are shown in Appendix 
C. The corresponding three dimensional (3D) piezoresponse can also be 
reconstructed. Another remarkable aspect is that the characterization of 
polarization switching behavior in nanoplates is also only by one vertical-PFM 
and one lateral-PFM as shown in Chapter 7. To construct the 3D domain 
structures, the polarization switching behavior in nanoplates can be understood 
in more detail. In addition, it is also necessary to further study the factors 
which may affect domain structure and polarization switching behavior. 
Through this comprehensive study, it is expected that we can further develop 
ZnO based materials for device applications. 
 
8.2.3 Polarization Relaxation Behavior Study  
Polarization relaxation is a phenomenon that the reversed polarizations 
re-switch back to the initial polarization state completed by propagation of the 
domain wall and coalescence of domains. The polarization relaxation behavior 
is very important for the application of ZnO based materials as ferroelectric 
based memories devices. The inversed domains relaxed with time after poling 
is studied with the absence of the external electric field and the phase images 
are obtained at the fixed time intervals. The preliminary results of time 
dependent polarization relaxation phenomenon in ZnO:Cu thin films (8 at.%, 
deposited 𝑃𝑂2 = 2×10
-4 Torr) are shown in Appendix D. The upward polarized 
domains (poling by -15 V) exhibited much better retention behaviors than that 
of the downward domains (poling by 15 V). The reversed domain is almost 
relaxed to the initial polarization sate within 1 hour for the downward domains 
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poled by 15 V, which is less of retaining than that for the relaxation process in 
the upward polarized domains poled by -15 V. As long as the time is long 
enough, all the reversed domains shows a tendency of relaxation to switch 
back to the original polarization states. The polarization relaxation can be 
affected by many factors, such as the reconstruction of surface charge, and the 
competition between domain wall pinning and de-pinning attribute to the 
relaxation of the polarization states [69, 197, 198]. 
 
8.2.4 Effects of Other Dopants on Multifunctional properties of ZnO Based 
Materials 
It may also be interesting to dope ZnO with proper dopants to achieve 
coupling properties. Ferroelectric-like property has been reported in Li, Mg, or 
V doped ZnO films [12-15].  Other transition metal elements doped ZnO also 
show ferromagnetism properties [199-203]. Furthermore, other elements, such 
as the Ni2+, Co2+ and Fe2+ which have 3d holes state in their electron structure, 
may therefore trap the electrons, this may also results in the improvement of 
the polarization switching behavior. By intentional doping, it is possible to 
induce the coexistence of room-temperature ferromagnetism and 
ferroelectricity and make ZnO become multiferroic-like materials. These 
multi-functionalities can be manipulated by electric and/or magnetic fields. 
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8.2.5 Application of Scanning Probe Microscopy (SPM) in Characterization 
Electrical and Electrochemical Properties in Other Material 
The scanning probe microscopy techniques can also be employed in 
characteristics and mechanisms of resistive switching behavior in other oxide 
thin films, such as NiO thin films. It is reported electron/ionic transport and 
reversible/irreversible electrochemical reactions in the resistive switching 
behavior for NiO thin films can be distinguished by c-AFM and 
Electrochemical Strain Microscopy (ESM) in spectroscopy mode with first-
order reversal curves recently [204]. However, the effects of deposited oxygen 
partial pressure, 𝑃𝑂2 , deposited time, experimental environments and 
temperature on the resistive switching behavior in NiO thin film are still 
unclear and needed to be further studied. In addition, the KPFM and PFM 
techniques have also been engaged in the giant switchable photovoltaic effect 
and charge distribution in the emerging perovskite-sensitized solar cell [205, 
206]. However, the hole or electron transport in every layer of the solar cell 
device is still needed to be investigated in detail. In addition, the possible 
ferroelectric property in the perovskite materials is still in controversy [205, 
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Appendix A – Glossary of Terms in Electromechanical Coupling 
Dipole moment: A vector that defined by the product of the magnitude of 
charge and the distance of separation between the charges.  
 
Electromechanical coupling: Materials behaviors that generally involve 
conversions between electrical energy and mechanical 
energy.  
 
Electrostriction: A property of all dielectric materials that causes them to 
change their shape under the application of electric field. 
The resulting strain is proportional to the square of 
polarization. 
  
Ferroelectricity: A property of piezoelectric material that have a spontaneous 
electric polarization that can be reversed by the application 
of an external electric field.  
 
Paraelectricity: Ability of materials to become polarized under an applied 
electric field. Permanent dipole is not necessary. Removal of 
the fields results in the polarization in the material returning 
to zero (electric-induced polarization). This behavior is 
caused by the distortion of individual ions (displacement of 
the electron cloud from the nucleus) and the polarization of 
molecules or combinations of ions or defects.  
 
Piezoelectricity: When a piece of piezoelectric material is mechanically 
deformed, it becomes electrically polarized. The magnitude 
of the polarization depends on the electric field present or 
induced in the materials. 
 
Polarization: A net vector sum of dipole moment in a polar material.  
 
Pyroelectricity: Ability of materials to generate a temporary voltage when 
they are heated or cooled. The positions of the atoms within 
the crystal structure can be modified by temperature, so that 
the polarization changes, which gives rise to a voltage across 




Appendix B – PFS Results from SiO2 Wafer and Bulk Al2O3  
 
Fig. B.1 PFS results from SiO2 wafer. The applied VAC is 2 V and VDC is 50 V. 
 
These results show that the phase angle only changes around 20°, and the 
amplitude loop is not butterfly-like shape. Therefore, the results confirm there 






Fig. B.2 PFS results from bulk Al2O3. The applied VAC is 2 V and VDC is 220 
V. 
 
These results show that the phase angle only changes around 10°, and the 
amplitude loop is not butterfly-like shape. Therefore, the results confirm there 
is no ferroelectric property in bulk Al2O3. 
 
Fig. B.1 and Fig. B.2 confirm that PFM cannot obtain phase hysteresis loop 
with phase angle change of 180° and butterfly-like amplitude loop from non-
ferroelectric materials. Therefore it confirms the polarization switching 





Appendix C – Complimentary PFM Images Obtained by One Vertical 
PFM and Two Orthogonal Lateral PFM 
 
Fig. C Vertical/lateral PFM results: (a) and (b) the 1st in-plane amplitude and 
phase images; (c) topography image; (d)-(f) out-of-plane amplitude, phase, 
resonant frequency images; (g) and (h) the 2nd in-plane amplitude and phase 
images, which is orthogonal to the 1st in-plane image for the [0001]-oriented 
ZnO:Cu sample (8 at.%, deposited 𝑃𝑂2 = 2×10
-4 Torr). 
 
These results suggest that the corresponding three dimensional (3D) 
piezoresponse can be reconstructed by obtaining two lateral PFM results and 






Appendix D – Complimentary PFM Images for Polarization Relaxation 
Behavior Study 
 
Fig. D.1 Domain relaxing with time on ZnO:Cu film (2 at.%, deposited 𝑃𝑂2  = 
2×10-4 Torr): (a) phase image before poling by -15 V; (b) phase image just 
after poling; (c) phase image after 1 hour; (d) phase image after 2 hours. Scan 
size is 1×1 µm2. 
 
These results indicate that the upward polarized domains (poling by -15 V) 
can remain more than 2 hours and exhibit much better retention behaviors than 






Fig. D.2 (a)-(c) phase and (d)-(f) amplitude images of the domain switching 
just after poling by 0 V, 15 V, and 1 hour after poling by 15 V on ZnO:Cu film 
(2 at.%, deposited 𝑃𝑂2  = 2×10
-4 Torr).  
 
These results indicate that the downward domains (poled by 15 V) are almost 




Appendix E – Definitions of Piezoelectric Coefficients dvertical and dlateral 
 
Fig. E.1 Schematic of reduced notations. 
In the section 3.2, the converse piezoelectric effect is expressed as ε = 𝑑 ∗ E, 
in which the piezoelectric constant, d, is a third-rank tensor and can be 
expressed as dijk. Because a piezoelectric material is anisotropic, therefore 
piezoelectric constant relates to both the direction of the applied electric force, 
E and the direction of the induced strain, ε. Direction of x, y, or z axis is 
represented by the subscript 1, 2, or 3, respectively; and shear about x, y, or z 
axis is represented by the subscript 4, 5, or 6, i.e., the torsion deformation 
align in yz, xz or xy plane, respectively [Fig. E.1]. The reduced notations are 









Consequently, with reduced notation, piezoelectric constant generally has two 
subscripts that indicate the directions of the two related quantities (E and ε). 
The first subscript to d indicates the direction of the applied electric field. The 
second subscript is the direction of the induced strain. For example, d33 means 
that the induced strain is along the axis 3 and the applied electric field is also 
along the axis 3. d31 means that the induced strain is along the axis 3 and the 
applied electric field is along the axis 1. d16 means that the induced shear 
strain about the axis 1, whereas the torsion deformation is in the xy plane. 
However, the above discussion assumes that the applied electric field is 
uniform and the biased structure can be considered as a capacitor [Fig. E.2(a)].  
Whereas in the PFM technique, the electric field under the tip is not uniform 
but more complicate as shown in Fig. E.2(b). Hence the value of d33 is 
difficult to measure accurately in PFM technique. Piezoelectric coefficient, 
dvertical, mentioned in Section 3.4.2 is not the same as d33 but should be 
proportional to it. Whereas piezoelectric coefficient, dlateral, should be more 
complicate. In this thesis, the vertical piezoelectric coefficient, dvertical, means 
the electrical field is along the z-axis and the induced strain are mainly along 
the z-axis, but it may also include certain deformation in other directions. 
Similarly, for dlateral, measured in PFM, the electrical field is applied along the 
z-axis, but the measured shear deformation is within the xy plane. Therefore, 
this value should be a complex constant that is proportional to several 
conventional piezoelectric constants such as d31, d36, even d15. However, the 










Appendix F – XRD Characterization for ZnO:Cu Thin Films 
XRD characterization for ZnO:Cu thin films is shown as below (Fig. F). The 
results confirm that the ZnO:Cu (0%, 2%, 5%, 8% and 12%) thin films have 
fully crystallinity and oriented with the c-axis along the [0001] direction. It 
also illustrates that the films of ZnO:Cu with Cu concentration of 12% have 
the presence of a second CuO phase. It is similar to the previous XRD studies 
by the senior Ph.D student from our group and our collaborators [17]. 
 







Appendix G – Simple Metal-Semiconductor Junction Model and the 
Calculations Depletion Width in Our Samples 
A simple Metal-Semiconductor junction is a full depletion approximation 
model. However, our case is more complicated than it. The interface is 
between a coated tip and sample surface, which dependent on many factors, 
such as tip’s geometry. It is beyond our scope of this thesis. Hence it will not 
be discussed in detail here. 
When bringing a semiconductor into contact with a different work-
function metal, a Schottky barrier with a depletion region, w, may be formed 
near the contact interface. The formation of an accompanied electric field is 
called built-in electric field, Ebi. For thin film, it is assumed that there is a 
depleted distance, w in the thin film [Fig. 2.5 (b)]. While this assumption does 
not provide an accurate charge distribution, it does provide very reasonable 
approximate expressions for the electric field and potential throughout the 
semiconductor thin film. We define the depletion region at the interface 
between the metal and semiconductor (w = 0) and the end of the depletion 
region (w = wd). The Metal-Semiconductor junction is assumed to be a fully 
depleted case. Therefore, mobile carriers are depleted within a region of the 
semiconductor. Also, in the assumption, it is supposed to be neutral outside 
the depletion region. Our case is n-type ZnO, the charge density is because of 
ionized donors. Hence, the expressions for the charge density, ρ are yielded: 
ρ(w) = q Nd, (0<w< wd)                                                                        (1) 
ρ(w) = 0, (w>wd)                                                                                   (2) 
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where Nd is the concentration of free carriers, q is used to denote their charge. 
Using Gauss's law, the electric field as a function of depletion position can be 
obtained as, 
E(w) = - q𝑁𝑑 
𝜀
(wd – w), (0<w≤ wd)                                                       (3) 
E(w) = 0, (w≥wd)                                                                                 (4) 
the electric field is zero outside the depletion region, ε is the dielectric 
constant of the semiconductor. 
The largest (absolute) value of the electric field is obtained at the interface and 
is given by: 
E(w) =- q 𝑁𝑑
𝜀
(wd – 0)= - 
q 𝑁𝑑𝑤𝑑
𝜀
 =-𝑄𝑑/ε                                                (5) 
where 𝑄𝑑 = q 𝑁𝑑𝑤𝑑, is the total charge (per unit area) in the depletion layer. In 
addition, the potential can be obtained from doing integration of the electric 
field: 
φ(w)= - q 𝑁𝑑
2𝜀
(wd – w)2 , (0<w≤ wd)                                                      (6) 
φ(w) = 0, (w≥wd)                                                                                 (7) 
In an idea thermal equilibrium condition, the total potential difference across 
the semiconductor which equals to the built-in potential, φbi, can be further 
changed by the applied voltage, Va. Therefore, at the interface of 
metal/semiconductor (w=0), the relation between the potential, the applied 
voltage and the depletion layer width is: 
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φbi - Va=- φ(w=0)= - 
q 𝑁𝑑
2𝜀




                                         (8) 




q 𝑁𝑑                                                                                    (9) 
when there is no external electric field applied, then the depletion layer width 
can be written as, 
wd =�
2𝜀∅𝑏𝑏 
q 𝑁𝑑                                                                                           (10) 
By using equation (10), we can know the approximate value of the 
depletion width in a semiconductor when it is contacted to a metal. For 
example, the undoped ZnO ( 𝑃𝑂2=1.2 × 10
-4 Torr & 1.6×10-2) film used in 
chapter 4 contacts to Pt coated tip in an idea thermal equilibrium condition; 
the measured Nd ≈ 8×1018 cm-3 & 3×1017 cm-3; for n-type ZnO, the free carriers 
are electrons, q = 1.6×10-19; the dielectric constant, ε of undoped ZnO is 8.59; 
the barrier height, φbi ≈ 5.27-4.48≈0.79 eV [69]; the calculated wd for undoped 
ZnO is about 0.011 μm & 0.24 μm. 
The dopant, Cu concentration in ZnO:Cu film were also confirmed by 
XPS and XAS in the previous study by our collaborator [20]. All the Cu ions 
are substituted in Zn ions site. The fixed depletion due to Cu doping was 
estimated as following: For  example, the ZnO:Cu (8%) film (deposited at 
𝑃𝑂2= 2 × 10
-4 Torr) contacts to Pt coated tip in an idea thermal equilibrium 
condition, the Nd ≈4×1018 cm-3 ; ε of ZnO:Cu film is 8.75; and the fermi level 
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of ZnO shifts downward by Cu doping [43]. The work function for ZnO:Cu 
(8%) is increased to 5.01 eV [69]; the barrier height, φbi ≈ 5.27-5.01≈0.26 eV 
[69];  The calculated wd is about larger than 0.006 μm. 
In addition, from the previous study, the resistivity increases 
exponentially with increasing Cu concentration from 0.04 Ω cm (ZnO) to ≈ 70 
Ω cm (Cu-2 at.%) to ≈2 ×107 Ω cm (Cu- 8 at.%); and to ≈ 2 ×109 Ω cm (Cu-11 
at.%); the Nd may change to 1012 cm-3; on another hand, the resistivity also 
increases exponentially with increasing 𝑃𝑂2 . Hence, by tuning the impurity 
content with more Cu concentration and less VO , the φbi and Nd will decrease 
leads in a more larger wd (�
2𝜀∅𝑏𝑏 




Appendix H – I-V Curves by Using Gold Coated Tip and Effects of 
Bottom Electrodes and Tip Coating on Polarization Switching Behavior 
Gold coated tip is also used in the c-AFM characterization. It can be 
seen there is no RS observed in the I-V curves [Fig. H.1]. The linear I-V 
curves are observed in the -4.5 V to 4 V biased region. It is Ohm contact at the 
interface between gold coated tip/sample surface. 
In addition, in this work, we tried to clarify the correlations among 
resistance switching (RS), polarization switching and surface potential in ZnO 
thin films. Hence, it is necessary to do polarization switching in these samples. 
Previously, we have done some experiments to study the effects of electrodes 
and tip coating on polarization switching [Fig. H.2]. Figs. H.2(a)-(c) show the 
PFM phase image (scanned by Pt-coated tip) initial after poling process for 
sample A, B and C, which are deposited on three different bottom electrodes: 
ITO, Au and Pt separately. From the PFM phase images after the poling 
process, we can see the polarizations have been switched downward under the 
Pt-coated tip biased region in all samples (in purple) [Biased region in Figs 
H.2(a)-(c)]. The corresponding phase images after 1 hour are shown in Figs. 
H.2(d)-(f). It should be noticed that Pt as the bottom electrode gives rise to 
better polarization switching in the ZnO thin film, since the switched 
downward domains can maintain very well in sample C compared to those in 
the other two samples [Figs. H.2(d)-(f)]. Above results explains the important 
role of the bottom electrode in contact engineering for ZnO film. To further 
investigate the role of top electrode, an Au-coated tip is used to do the poling 
process on sample B and sample C under same conditions. Figs. H.2(d) and (e) 
shows the PFM phase images initial after poling process for these two samples. 
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The results are completely different from the results by using Pt-coated tip. 
There is no proper switching in the biased region. These results clearly 
indicate that the top electrode is important to switch the polarization in ZnO 
film, while the bottom electrode is important for spontaneous polarization 
states and the retaining of switched polarization state. It is now necessary to 
discuss the physics behind these different effects caused by the bottom and the 
top electrode in ZnO thin film. The top electrode is important for the switching 
of polarization; in the above study it is found that only Pt-coated tip can switch 
the polarization in ZnO. This shows that the nature of contact between the 
sample surface and the SPM tip (top electrode) is an important factor. For Pt-
coated tip, the nature of contact with ZnO film surface is Schottky compared 
to the Au-coated tip. Due to the Schottky contact, there is a barrier layer on the 
tip-surface junction, because of this barrier layer the conductive nature of the 
ZnO converts into the insulating-like behavior at the contact. Therefore, this 
insulating nature at the junction causes the observation of polarization in the 
undoped ZnO thin film. Hence, when an electric field is applied, this 
polarization dipole can be switched. We need to notice that this insulating-like 
behavior is only in the localized region near the junction, and this result in the 
ferroelectric-like behavior, the overall sample is still conductive. In addition, 
the role of the bottom electrode during the polarization is to control the initial 
spontaneous polarization state, or the orientation of the dipole before any bias 
applied. Pt as a bottom electrode can give rise to more number of oriented 
dipoles in ZnO film compare to the Au and ITO.  This effect may be due to the 




Fig. H.1 Local I-V curves measurements on ZnO film. The used tip is gold 
coated. 
 
Fig. H.2 PFM phase images for the ZnO(a)-(c) and (d)-(f) shows the PFM 
phase image initial after poling process and after 1 hour for the ZnO sample A, 
sample B and sample C separately. The used tip is with Pt-coating. The scan 
size is 10x10 µm2 and the poling process with -10 V was conducted on the 
central 5x5 µm2 area. (g) and (h) PFM phase image of ZnO film in unbiased 
and biased condition when  Au-coated tip as top electrode and Au is also used 




Appendix I – Valence State of Cu in ZnO Confirmed by XPS 
In the previous study, our collaborator performed XPS spectra on the samples 
with 2% Cu concentration and different deposited oxygen partial pressure, 𝑃𝑂2  
of 1×10−3 Torr and 6×10−6 Torr [20]. The results indicated that Cu2+-like (the 
d9 state) was dominated in the sample deposited at 𝑃𝑂2  of 1×10
−3 Torr, whereas 
it was Cu1+-like, (d10 state) in the sample deposited at 𝑃𝑂2 of 6×10
−6 Torr. 
 
Fig. I XPS spectra on the samples with same Cu concentration (2%) with 
deposited oxygen partial pressure, 𝑃𝑂2= 1×10
−3 Torr and 𝑃𝑂2 = 6×10
−6 Torr 
respectively. 
 
 
 
 
